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Abstract 
 
Mechanical damage of polymers is often a destructive and irreversible process.  
However, desirable effects may be achieved by controlling the location of chain cleavage events 
through careful design and incorporation of mechanically active chemical moieties known as 
mechanophores.  These mechanophores could then be utilized for localized self-healing or self-
repair of polymer composites.  To date there have been few attempts at systematically 
investigating the effects of mechanophore structure upon rates of activation.  Through the 
synthesis and study of a systematic series of cyclobutane mechanophores, methodology was 
developed for measuring relative mechanophore reactivity rates and results from these studies 
were compared to experimentally determined reactivity rates.  The straightforward calculations 
and experimental methods developed herein are useful in guiding the future design and 
development of new mechanophores for targeted applications including self-repair or damage 
sensing in polymer composites.  In addition to a systematic study of cyclobutane reactivity, the 
dicyano-substituted cyclobutane mechanophore was shown to form reactive cyanoacrylate-
terminated polymers due to mechanically induced retro [2+2] cyclization of the cyclobutane 
when exposed to external stress.  These reactively-terminated polymers have potential 
applications in self-healing. 
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Chapter 1 – Introduction 
 
1.1 Introduction 
 
 Internal damage to polymeric composite materials can occur over time, often leading to 
shorter lifetimes and eventual failure of the material if uncorrected.  This damage is undesirable 
in materials where extended lifetime is important, but it is especially detrimental in materials 
where repair and/or composite replacement is either difficult or impossible.  Because of these 
considerations, substantial attention has recently been applied to the development of self-healing 
and self-reinforcing materials.  Beyond extending material lifetimes (and consequently limiting 
the cost of replacement, from both financial and a natural resource usage viewpoint), there are 
also safety concerns that motivate the need for self-repairing systems.  The biggest safety issue 
stems from the fact that internal damage is difficult to detect since it is typically hidden from 
view.  Some material systems have been designed to repair large defects; however, these systems 
require detection of the macroscopic fault and human intervention for repair.  On the microscale, 
prior to 1981 when Wool and co-workers published their discovery of solvent welding, there 
were very few approaches for healing micro-crack damage in a polymer composite.
1
  From a 
self-healing standpoint, it is ideal to fix defects within the polymer composite in the micro-crack 
stage before the damage can propagate into the macroscale stage and lead to catastrophic failure.  
Additionally, an optimal system would have autonomic healing, thereby precluding the need for 
human intervention.  With these goals in mind, the following work reported in this thesis will 
outline attempts at the targeted development of mechanophores for autonomic self-healing 
applications as well as the systematic investigation of structure-activity relationships within 
mechanophores for future methods in the development of additional self-healing mechanophores.  
 
1.2 Methods of Polymer Self-Healing 
 
1.2.1 Introduction 
 
 The formation of cracks and internal damage within a polymer matrix can cause a 
reduction in the load-bearing capacity and lifetime of a polymer matrix. This damage ultimately 
2 
 
results in catastrophic failure.  In order to increase the lifespan of the polymer matrices, 
numerous attempts have been made towards the creation of self-healing or self-reinforcing 
composites.  These approaches typically fall into two broad categories.  The first approach uses a 
liquid delivery systems to induce self-healing.  Typically, the liquid delivery systems employ 
microcapsules or microchannels to deliver a self-healing agent (or solvent) to the location of 
damage within the polymer matrix. A second approach takes advantage of the inherent chemical 
reactivity within the polymer matrix to induce self-healing. Although the former approach has 
been extensively studied by members of the Autonomic Material Systems (AMS) group at the 
University of Illinois at Urbana-Champaign
2-23
 as well as groups elsewhere,
24-31
 the focus of this 
thesis is on the second approach toward microscale self-healing.   
 
1.2.2 Self-Healing through Latent Chemical Reactivity 
  
 One method of self-healing utilizing latent chemical reactivity is based on reversible 
chemical reactions that are present in ionomeric copolymers.  Ionomeric copolymers are a class 
of materials that contain ionic segments in the polymer backbone which can act as crosslinks 
between polymer chains.  Because the formation of these ionic crosslinks is reversible in nature, 
these polymers can undergo multiple local self-healing events.  These systems are typically 
designed to undergo healing during projectile testing, where the heat generated from impact 
imparts the necessary energy for ionic rearrangement.
32-35
 
 A similar approach towards self-healing includes functional groups that are designed to 
take advantage of complementary hydrogen bonds between polymer chains.  For example, 
Liebler and coworkers have developed a rubbery, elastomeric polymer system that undergoes 
self-healing after damage.
36,37
  Through the development of a mixture of multi-functionalized 
oligomers containing urea, amide, and imidazolidone groups, they formed a solid polymer that 
was rubbery in nature due to the formation of a strong hydrogen bonding network.  Upon 
externally induced cleavage of the solid polymer via a razorblade, they were able to show self-
healing through the reformation of a hydrogen bonding network that bridged the damaged area.  
One drawback of this system is that it was limited to elastomeric polymers because of the 
reversible and dynamic nature of the hydrogen bonding between the short oligomers. 
3 
 
 A final approach commonly utilized takes advantage of reversible, covalent reactions 
between polymers in the matrix.  The most commonly studied example of this type utilizes 
reversible Diels-Alder reactions for polymer self-healing and repair.  In 2002, Wudl and 
coworkers showed that thermal activation of a remendable furan-maleimide based Diels-Alder 
polymer was possible. Multiple self-healing events using this model system were documented 
without the addition of external catalyst, additional monomers, or special surface treatment.
38,39
 
Work on Diels-Alder based self-healing has since been extended to other systems;
40-42
  however, 
it should be noted that, similar to the case of the ionomeric polymers, the input of thermal energy 
is necessary for the activation of self-healing in this system. 
 Aside from thermally induced self-healing, covalent systems have also been introduced 
that apply UV-induced self-healing of polymer matrices.  In 2004, Chung and coworkers 
described a system where crack healing within a polymeric system was accomplished through a 
photochemically induced [2+2] cycloaddition of cinnamate monomers.  Through a series of IR 
studies, they were able to show that crack formation resulted in retro-[2+2] reactions of the 
cyclobutanes contained within the polymer matrix.  This crack damage could then be reversed 
through UV irradiation of the sample to induce self-healing through cycloaddition of the 
cinnamate monomers.
43
  In later work, they showed that fluorescence-based crack sensing could 
also be used in this system due to the fluorescence emissions (upon external irradiation) of the 
cinnamoyl groups formed during polymeric damage.
44
 
 The underlying issue with many of the systems described above is the need for external 
influences to induce self-healing.  Although interesting from an experimental viewpoint, the use 
of an external stimulus to induced self-healing is disadvantageous in systems that are difficult to 
reach or isolate.  Thus, a system where self-healing occurs autonomically would provide distinct 
advantages.  Autonomic self-healing would obviate the need for external reagents or inputs (such 
as heat or UV-irradiation).  To this end, we decided to investigate the utilization of 
mechanochemistry to induce self-healing within a polymer composite.  Mechanochemistry 
would be an ideal platform for autonomic self-healing because the mechanical forces present 
during polymer damage events provide the energy for self-healing activation to occur. 
  
 
 
4 
 
1.3 Mechanochemistry  
 
1.3.1 Introduction  
 
 Chemical reactions can be promoted through a variety of external inputs including heat, 
pressure, light, electricity, and stress.  Of these, the use of stress to drive a chemical reaction is 
the least utilized and understood.  While there has been sporatic interest in mechanically induced 
reactions in polymers,
2,45-56
 the past few years have seen a dramatic increase in the development 
of novel mechanophores with a variety of functional targets.  These mechanophores are designed 
to take advantage of simple reactions that have low kinetic barriers towards activation.  Current 
focuses within the Moore group have been on four major areas with regards to 
mechanochemistry: mechanophores as stress sensing probes, the use of mechanophores to induce 
macromolecular response, mechanophores containing masked chemical reactivity, and the study 
of the effects of polymer architecture on mechanophore activation (Figure 1.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Current areas of focus in the Moore group with regards to mechanochemistry. 
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1.3.2 Recent Developments in Mechanochemistry (non-AMS group) 
 
 The development of mechanophores for targeted activation has a rich history in the last 
few years.  One aspect of mechanochemistry that has been investigated is the development of 
mechanophores that result in catalyst activation upon the introduction of mechanical force.  
Sijbesma and coworkers have reported on the use of palladium, platinum, and silver coordination 
polymers as potential mechanochemical systems.
57-59
   These systems showed dissociation of the 
polymer-metal bond in response to ultrasonic irradiation; however, no attempts were made to use 
the resulting activated metal palladium or platinum metals for catalysis.  More recently, the same 
group also reported that N-heterocyclic carbene coordinated ruthenium and silver catalysts could 
be activated by mechanical force.
60
  These activated catalysts were used in transesterification, 
ring-closing metathesis, and ring-opening metathesis polymerizations.  Utilizing a similar 
approach, the Bielawski group showed that a macromolecular complex - comprised of a 
palladium(II) center ligated by a pyridine-PMA conjugate - could be activated through 
sonochemistry to catalyze carbon-carbon bond formation between benzyl cyanide and N-tosyl 
imines or to catalyze the anionic polymerization of α-trifluoromethyl-2,2,2,-trifluoroethyl 
acrylate.
61
 
 
 
 
Figure 1.2. Ultrasonically induced ring opening of a cyclopropanated polybutadiene polymer.
62
 
 
 
 An interesting polymeric system extensively studied by the Craig group is the 
rearrangement reactions of cyclopropanated polybutadiene under mechanical stress (Figure 1.2).  
Through a series of 
1
H NMR studies, they demonstrated that ring rearrangement of gem-
dichlorocyclopropanes (gDCCs) to 2,3-dichloroalkenes proceeds at a much more rapid rate than 
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chain scission upon sonication of a cyclopropanated polybutadiene polymer.
62
  In addition to this 
initial report, several follow up studies reported on the trapping of diradical transition states
63
 
and reactive cross-talk between adjacent sites
64
 in gem-difluorocyclopropanes (gDFCs); 
molecular stress relief during single-molecule force spectroscopy of gem-dibromocyclopropanes 
(gDBCs);
65
 characterization of the active domains in gDCCs and gDBCs;
66
 and 
mechanochemically triggered bond formations during polymer extrusion.
67
 
 More recently, the Craig group has investigated the mechanochemical activation of a 
series of perfluorocyclobutane (PFCB) polymers.  Through a series of sonication studies and 
19
F 
NMR analysis, they were able to show mechanical scission of the cyclobutanes to generate 
trifluorovinyl ethers.  Polymer remending was obtained by heating the polymer solution to 180 
ºC for extended amounts of time (Figure 1.3).  Additionally, they demonstrated that PFCB 
cleavage proceeds through a stepwise mechanism with a 1,4-diradical intermediate.
68
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3.  Mechanically induced scission of PFCB polymers and thermal repolymerization.
68
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 With regards to mechanophore-centered mechanophores, Bielawski and coworkers have 
shown that mechanochemistry can be used to induce several interesting chemical reactions.  An 
enantiopure BINOL derivative was shown by Bielawski and coworkers to undergo racemization 
under mechanochemical stimulation, demonstrating that mechanochemistry can be used to 
interconvert stereoisomers that have high thermal isomerization barriers (Figure 1.4).
69
  In a 
similar mechanophore-centered system, they were able to show the controlled retro Diels-Alder 
reactions of a series of poly(methyl acrylate) (PMA) polymers containing the mechanophore-
centered cycloaddition adducts of maleimide with furan or anthracene.
70
  More notably, the 
Bielawski group was able to demonstrate that the quintessential “click” reaction (the use of 
copper catalyzed azide/alkyne coupling to form the highly inert 1,2,3-triazole linker) was 
reversible under mechanical stress.
71
      
 
  
 
 
 
 
 
 
Figure 1.4. Mechanically facilitated reconfiguration of BINOL derivatives.
69
 
 
 
1.3.3 Mechanochemistry within the AMS Group 
 
 As one of the pioneering groups in the field of modern day mechanochemistry, the Moore 
group and the AMS sub-group have a history of developing novel mechanophores.  Initial 
investigations within the group involved the 4,4’-azobis(cyanovaleric acid) mechanophore which 
was targeted due to its low activation barrier towards mechanical cleavage.
72
  Upon exposure to 
sonication conditions, the mechanophore-containing polymer showed site-selective cleavage of 
the azo-linker (Figure 1.5A), whereas a similarly structured control polymer showed non-specific 
cleavage upon sonication.  Synthesis of polymers with off-center linkages resulted in cleavage to 
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form polymers of unequal length.  This result showed that the inclusion of the weak linker into 
the polymer backbone overshadowed the tendency of the polymer to cleave in a centrally-
centered Gaussian manner under sonication conditions.  The polymer cleavage rates displayed a 
molecular weight dependence, and isotopic labeling of the mechanophore confirmed selective 
cleavage under sonication conditions. 
 The second major mechanophore studied by the Moore group was the benzocyclobutene 
(BCB) mechanophore.
73,74
 Upon ring opening, a reactive ortho-quinodimethide formed which 
could be trapped using pyrene-labeled maleimide through a Diels-Alder type reaction, restoring 
aromaticity in the mechanophore (Figure 1.5B).  During the course of this investigation, both the 
cis and trans forms of the BCB mechanophore were synthesized.  Under typical reaction 
conditions, the cis and trans forms of the mechanophore would open to yield dis-similar products 
under thermally induced ring opening due to the well-known Woodward-Hoffman rules.  
However, during sonication induced ring opening of the mechanophore, the cis and trans forms 
led to identical products.  The Martinez group concluded as a result of a series of computer 
simulations that the isomers react through different pathways during mechanical opening than 
during thermal opening, which resulted in the differences of the obtained products.
75
   
 The spiropyran mechanophore is the final molecule extensively investigated within the 
Moore group and AMS.  Initial work by Potisek and Davis showed that, in solution studies, a 
center-functionalized PMA polymer containing spiropyran would turn a visible pink hue under 
sonication conditions, indicating the mechanochemical ring-opening of the spiropyran 
mechanophore (Figure 1.5C).
74
  After exposure to ambient light for forty minutes at room 
temperature, the color disappeared due to photolytic reversion.  It was shown that sonication of a 
monofunctional control spiropyran polymer resulted in no activation and, thus, no color change. 
 Building on initial evaluations of the spriropyran mechanophore, further work has been 
done to characterize its solid-state behavior.
76
  Accumulation of plastic deformation resulted in 
pronounced changes in both color and fluorescence showing that the transduction of mechanical 
force into the ring opening reaction is an activated process.  Similar to the solution state testing, 
control samples that did not place mechanical force across the internal spiro bond did not result 
in mechanophore activation.  Furthermore, the spiropyran mechanophore was integrated into 
poly(methyl methacrylate) (PMMA) beads. These beads were exposed to testing over a range of 
strain rates.  Through these investigations, it was found that the activation was a strain-activated 
9 
 
rate process.  Further work using the spiropyran mechanophore has investigated the 
environmental effects on mechanochemical activation of spiropyran in linear PMMA,
77
 the sheer 
activation of spiropyran-crosslinked polymers,
78
 the properties of the spiropyran mechanophore 
in isocyanates polymers,
79
  and the effects of polymer architecture on spiropyran activation.
80
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5. (A) Mechanically induced cleavage of a 4,4’-azobis(cyanovaleric acid) 
mechanophore.
72
  (B)  Mechanically induced ring-opening of a benzocyclobutene 
mechanophore.
73
 (C)  Mechanically induced ring-opening of a spiropyran mechanophore.
76
 
A 
B 
C 
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1.3.4 Choice of Mechanophores for Self-Healing  
 
 Since it has previously been shown that mechanical force can be harnessed in targeted 
chemical reactions, it was theorized that a mechanophore could be developed that would undergo 
an induced chemical reaction to generate polymers with reactive end-groups.  Upon polymer 
cleavage, these generated end-groups could be reactive enough to cross-link with each other or 
the polymer backbone and strengthen the polymer composite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6.  Potential mechanophores for mechanically formed reactive end-groups. (A) 
Pyrazole-blocked isocyanate mechanophore. (B) Cyclobutane mechanophore for the generation 
of ketenes.  (C) Cyclobutane mechanophore for the formation of cyanoacrylates. 
 
 
 A variety of potential mechanophores that would lead to the generation of reactively 
terminated polymers were considered for synthesis.  One of the initial targets was a pyrazole-
blocked isocyanate structure that had previously been proven to decompose to the isocyanate 
A 
B 
C 
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upon heating (Figure 1.6A).
81,82
  Initial synthesis of the mechanophore-centered blocked 
isocyanate was successful; however, upon sonication and trapping experiments, no isocyanate 
formation was detected.  Another possibility was a cyclobutadione based mechanophore which 
would generate reactive ketenes upon mechanical cleavage (Figure 1.6B).
83
  Synthesis of this 
mechanophore was not vigorously pursued because preliminary computational calculations did 
not predict mechanophore fragmentation yielding ketenes.  A third mechanophore considered 
was a 1,2-substituted cyclobutane which would result in the formation of reactively terminated 
polymers upon cleavage (Figure 1.6C).  Due to success with synthesis and testing of this 
mechanophore, its study (and the study of a similar series of cyclobutane mechanophores) will 
comprise the bulk of this thesis.  
 
1.4 Systematic Analysis of Mechanophore Structure 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7. Series of cyclobutane mechanophores that varied in both stereochemistry and level 
of substitution. 
 
 
 Predicting the ability of mechanophores to undergo mechanically induced reactions and 
their relative rates of reactivity has been limited at best.  Typical development strategies utilized 
for mechanophores involve synthesis and then testing, with either tandem or subsequent 
computational modeling to support modes of mechanophore activation.  Ideally, this situation 
12 
 
would be reversed, with computational modeling predicting “good” mechanophores, followed by 
synthesis of these mechanophores.  To this effect, we attempted to validate a simple 
computational technique, Constrained Geometries simulate External Force (CoGEF),
84
 as a 
method for predicting relative trends in mechanophore reactivity.  This study was accomplished 
by the synthesis of a series of cyclobutane mechanophores (Figure 1.7) which varied in both 
relative stereochemistry and level of substitution.  Through computational modeling and 
experimental analysis of these mechanophores, CoGEF was validated as a technique for 
predicting mechanophore reactivities.  It was our hope that this technique could ultimately be 
extended to mechanophores outside of the cyclobutane case studied herein and aid in the 
development of further novel and reactive mechanophores with targeted responses. 
 
1.5 Future Outlook 
 
 
 
Figure 1.8. Timeline of mechanophore discovery and publication.
85
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 The previous decade has seen an expansion of interest in the field of mechanochemistry 
and the development novel mechanophores with a wide variety of chemical reactivities (Figure 
1.8).  While initial work in the field focused on simple mechanophores which revealed the 
versatility of mechachemistry as a method for induced chemical reactivity, more recent work has 
focused on the development of mechanophores in response to specific needs within the field of 
polymer chemistry.  These needs include areas such as damage sensing, mechanoacid generation, 
mechanocatalysis, and polymer self-healing applications.  The continuing development of 
targeted mechanophores for these applications remains an area of active research in the field of 
mechanochemistry, and recent advances in the community show a promising future in the use of 
mechanical forces in driving chemical reactions. 
 
1.6 References 
(1)  Wool, R. P.; O’Connor, K. M. J. Appl. Phys. 1981, 54, 5953. 
(2)  Caruso, M. M.; Davis, D. A.; Shen, Q.; Odom, S. A.; Sottos, N. R.; White, S. R.; Moore, 
J. S. Chem. Rev. 2009, 109, 5755. 
(3)  Wilson, G. O.; Caruso, M. M.; Schelkopf, S. R.; Sottos, N. R.; White, S. R.; Moore, J. S. 
ACS Appl. Mater. Interfaces 2011, 3, 3072. 
(4)  Jackson, A. C.; Bartelt, J. A.; Marczewski, K.; Sottos, N. R.; Braun, P. V. Macromol. 
Rapid Commun. 2011, 32, 82. 
(5)  Esser-Kahn, A. P.; Thakre, P. R.; Dong, H.; Patrick, J. F.; Vlasko-Vlasov, V. K.; Sottos, 
N. R.; Moore, J. S.; White, S. R. Adv. Mater. 2011, 23, 3654. 
(6)  Jin, H.; Miller, G. M.; Sottos, N. R.; White, S. R. Polymer 2011, 52, 1628. 
(7)  Hamilton, A. R.; Sottos, N. R.; White, S. R. Adv. Mater. 2010, 22, 5159. 
(8)  Olugebefola, S. C.; Aragon, a. M.; Hansen, C. J.; Hamilton, A. R.; Kozola, B. D.; Wu, 
W.; Geubelle, P. H.; Lewis, J. A.; Sottos, N. R.; White, S. R. J. Compos. Mater. 2010, 44, 2587. 
(9)  Wilson, G. O.; Henderson, J. W.; Caruso, M. M.; Blaiszik, B. J.; McIntire, P. J.; Sottos, 
N. R.; White, S. R.; Moore, J. S. J. Polym. Sci, Part A: Polym. Chem. 2010, 48, 2698. 
(10)  Caruso, M. M.; Blaiszik, B. J.; Jin, H.; Schelkopf, S. R.; Stradley, D. S.; Sottos, N.R.; 
White, S. R.; Moore, J. S. ACS Appl. Mater. Interfaces 2010, 2, 1195. 
14 
 
(11)  McIlroy, D. A.; Blaiszik, B. J.; Caruso, M. M.; White, S. R.; Moore, J. S.; Sottos, N. R. 
Macromolecules 2010, 43, 1855. 
(12)  Hansen, C. J.; Wu, W.; Toohey, K. S.; Sottos, N. R.; White, S. R.; Lewis, J. A. Adv. 
Mater. 2009, 21, 4143. 
(13)  Toohey, K. S.; Hansen, C. J.; Lewis, J. A.; White, S. R.; Sottos, N. R. Adv. Funct. Mater. 
2009, 19, 1399. 
(14)  Lee, J. -T.; George, M. C.; Moore, J. S.; Braun, P. V. J. Am. Chem. Soc. 2009, 131, 
11294. 
(15)  Blaiszik, B. J.; Caruso, M. M.; McIlroy, D. A.; Moore, J. S.; White, S. R.; Sottos, N. R. 
Polymer 2009, 50, 990. 
(16)  Yang, J.; Keller, M. W.; Moore, J. S.;White, S. R.; Sottos, N. R. Macromolecules 2008, 
41, 9650. 
(17)  Caruso, M. M.; Blaiszik, B. J.; White, S. R.; Sottos, N. R.; Moore, J. S. Adv. Funct. 
Mater. 2008, 18, 1898. 
(18)  Wilson, G. O.; Caruso, M. M.; Reimer, N. T.; White, S. R.; Sottos, N. R.; Moore, J. S. 
Chem. Mater. 2008, 20, 3288. 
(19)  Caruso, M. M.; Delafuente, D. A.; Ho, V.; Sottos, N. R.; Moore, J. S.; White, S. R. 
Macromolecules 2007, 40, 8830. 
(20)  Wilson, G. O.; Moore, J. S.; White, S. R.; Sottos, N. R.; Andersson, H. M. Adv. Funct. 
Mater. 2008, 18, 44. 
(21)  Rule, J. D.; Sottos, N. R.; White, S. R. Polymer 2007, 48, 3520. 
(22)  Rule, J. D.; Brown, E. N.; Sottos, N. R.; White, S. R.; Moore, J. S. Adv. Mater. 2005, 17, 
205. 
(23)  White, S. R.; Sottos, N. R.; Geubelle, P. H.; Moore, J. S.; Kessler, M. R.; Sriram, S. R.; 
Brown, E. N.; Viswanathan, S. Nature 2001, 409, 794. 
(24)  Blaiszik, B. J.; Kramer, S. L. B.; Olugebefola, S. C.; Moore, J. S.; Sottos, N. R.; White, 
S. R. Annu. Rev. Mater. Res. 2010, 40, 179. 
(25)  Mauldin, T. C.; Kessler, M. R. J. Mater. Chem. 2010, 20, 4198. 
(26)  Lee, J. K.; Liu, Xi.; Yoon, S. H.; Kessler, M. R. J. Polym. Sci, Part B: Polym. Phys. 
2007, 45, 1771. 
15 
 
(27)  Norris, C. J.; Bond, I. P.; Trask, R. S. Composites A 2011, 42, 639. 
(28)  Williams, G. J.; Bond, I. P.; Trask, R. S. Composites A 2009, 40, 1399. 
(29)  Trask, R. S.; Williams, G. J.; Bond, I. P. J. R. Soc. Interface 2007, 4, 363. 
(30)  Yin, T.; Rong, M. Z.; Zhang, M. Q.; Zhao, J. Q. Smart Mater. Struct. 2009, 18, 074001. 
(31)  Huang, J. -H.; Kim, J.; Agrawal, N.; Sudarsan, A. P.; Maxim, J. E.; Jayaraman, A.; Ugaz, 
V. M. Adv. Mater. 2009, 21, 3567. 
(32)  Varley, R. J.; van der Zwaag, S. Polym Test 2008, 27, 11. 
(33)  Varley, R. J.; van der Zwaag, S. Acta Mater 2008, 56, 5737. 
(34)  Varley, R. In Self Healing Materials; Zwaag, S. Van der, Ed. Springer Netherlands, 2007; 
pp. 95-114. 
(35)  Kalista, S. J.; Ward, T. C. J. R. Soc. Interface 2007, 4, 405. 
(36)  Cordier, P.; Tournilhac, F.; Soulié-Ziakovic, C.; Leibler, L. Nature 2008, 451, 977. 
(37)  Montarnal, D.; Tournilhac, F.; Hidalgo, M.; Couturier, J.-L.; Leibler, L. J. Am. Chem. 
Soc. 2009, 131, 7966. 
(38)  Chen, X.; Dam, M. A.; Ono, K.; Mal, A.; Shen, H.; Nutt, S. R.; Sheran, K.; Wudl, F. 
Science 2002, 295, 1698. 
(39)  Chen, X.; Wudl, F.; Mal, A. K.; Shen, H.; Nutt, S. R. Macromolecules 2003, 36, 1802. 
(40)  Plaisted, T. A.; Nemat-Nasser, S. Acta Mater 2007, 55, 5684. 
(41)  Peterson, A. M.; Jensen, R. E.; Palmese, G. R. ACS Appl. Mater. Interfaces 2009, 1, 992. 
(42)  Murphy, E. B.; Bolanos, E.; Schaffner-Hamann, C.; Wudl, F.; Nutt, S. R.; Auad, M. L. 
Macromolecules 2008, 41, 5203. 
(43)  Chung, C.-M.; Roh, Y. S.; Cho, S. Y.; Kim, J. G. Chem. Mater. 2004, 16, 3982. 
(44)  Cho, S.-Y.; Kim, J.-G.; Chung, C.-M. Sens. Actuators, B 2008, 134, 822. 
(45)  Basedow, A. M.; Ebert, K. H. Adv. Polym. Sci. 1977, 22, 83. 
(46)  Nguyen, T. Q.; Kausch, H.-H. Adv. Polym. Sci. 1992, 100, 73. 
(47)  Rubner, M. F. Macromolecules 1986, 19, 2129. 
16 
 
(48)  Nallicheri, R. A.; Rubner, M. F. Macromolecules 1991, 24, 517. 
(49)  Beyer, M. K.; Clausen-Schaumann, H. Chem. Rev. 2005, 105, 2921. 
(50)  Schmidt-Naake, G.; Drache, M.; Weber, M. Macromol. Chem. Phys. 2002, 203, 2232. 
(51)  Devries, K. L.; Roylance, D. K.; Williams, M. L. J. Polym. Sci, Part B: Polym. Phys. 
1972, 10, 599. 
(52)  Devries, K. L.; Roylance, D. K.; Williams, M. L. J. Polym. Sci, Part A: Polym. Chem. 
1970, 8, 237. 
(53)  Sohma, J. Prog. Polym. Sci. 1989, 14, 451. 
(54)  Encina, M. V.; Lissi, E.; Sarasúa, M.; Gargallo, L.; Radic, D. J. Polym. Sci. Polym. Lett. 
Ed. 1980, 18, 757. 
(55)  Sheiko, S. S.; Sun, F. C.; Randall, A.; Shirvanyants, D.; Rubinstein, M.; Lee, H.-I.; 
Matyjaszewski, K. Nature 2006, 440, 191. 
(56)  Zysman, V.; Nguyen, T. Q.; Kausch, H.-H. J. Polym. Sci, Part B: Polym. Phys. 1994, 32, 
1257. 
(57)  Paulusse, J. M. J.; Sijbesma, R. P. Chem. Comm. 2008, 37, 4416. 
(58)  Paulusse, J. M. J.; Sijbesma, R. P. Angew. Chem. Int. Ed. 2004, 43, 4460. 
(59)  Karthikeyan, S.; Potisek, S. L.; Piermattei, A.; Sijbesma, R. P. J. Am. Chem. Soc. 2008, 
130, 14968. 
(60)  Piermattei, A.; Karthikeyan, S.; Sijbesma, R. P. Nat. Chem. 2009, 1, 133. 
(61)  Tennyson, A. G.; Wiggins, K. M.; Bielawski, C. W. J. Am. Chem. Soc. 2010, 132, 16631. 
(62)  Lenhardt, J. M.; Black, A. L.; Craig, S. L. J. Am. Chem. Soc. 2009, 131, 10818. 
(63)  Lenhardt, J. M.; Ong, M. T.; Choe, R.; Evenhuis, C. R.; Martinez, T. J.; Craig, S. L. 
Science 2010, 329, 1057. 
(64)  Lenhardt, J. M.; Ogle, J. W.; Ong, M. T.; Choe, R.; Martinez, T. J.; Craig, S. L. J. Am. 
Chem. Soc. 2011, 133, 3222. 
(65)  Wu, D.; Lenhardt, J. M.; Black, A. L.; Akhremitchev, B. B.; Craig, S. L. J. Am. Chem. 
Soc. 2010, 132, 15936. 
17 
 
(66)  Lenhardt, J. M.; Black, A. L.; Beiermann, B. A.; Steinberg, B. D.; Rahman, F.; 
Samborski, T.; Elsakr, J.; Moore, J. S.; Sottos, N. R.; Craig, S. L. J. Mater. Chem. 2011, 21, 
8454. 
(67)  Black, A. L.; Orlicki, J. A.; Craig, S. L. J. Mater. Chem. 2011, 21, 8460. 
(68)  Klukovich, H. M,; Kean, Z. S.; Iacono, S. T.; Craig, S. L. J. Am. Chem. Soc. 2011, 133, 
17882. 
(69)  Wiggins, K. M.; Hudnall, T. W.; Shen, Q.; Kryger, M. J.; Moore, J. S.; Bielawski, C. W. 
J. Am. Chem. Soc. 2010, 132, 3256. 
(70)  Wiggins, K. M.; Syrett, J. A.; Haddleton, D. M.; Bielawski, C. W. J. Am. Chem. Soc. 
2011, 133, 7180. 
(71)  Brantley, J. N.; Wiggins, K. M.; Bielawski, C. W. Science 2011, 333, 1606. 
(72)  Berkowski, K. L.; Potisek, S. L.; Hickenboth, C. R.; Moore, J. S. Macromolecules 2005, 
38, 8975. 
(73)  Hickenboth, C. R.; Moore, J. S.; White, S. R.; Sottos, N. R.; Baudry, J.; Wilson, S. R. 
Nature 2007, 446, 423. 
(74)  Potisek, S. L.; Davis, D. A.; Sottos, N. R.; White, S. R.; Moore, J. S. J. Am. Chem. Soc. 
2007, 129, 13808. 
(75)  Ong, M.T.; Leiding, J.; Tao, H.; Virshup, A. M.; Martínez, T. J. J. Am. Chem. Soc. 2009, 
131, 6377. 
(76)  Davis, D. A.; Hamilton, A.; Yang, J.; Cremar, L. D.; Van Gough, D.; Potisek, S. L.; Ong, 
M. T.; Braun, P. V.; Martínez, T. J.; White, S. R.; Moore, J. S.; Sottos, N. R. Nature 2009, 459, 
68. 
(77)  Beiermann, B. A.; Davis, D. A.; Kramer, S. L. B.; Moore, J. S.; Sottos, N. R.; White, S. 
R. J. Mater. Chem. 2011, 21, 8443. 
(78)  Kingsbury, C. M.; May, P. A.; Davis, D. A.; White, S. R.; Moore, J. S.; Sottos, N. R. J. 
Mater. Chem. 2011, 21, 8381. 
(79)  Lee, C. K.; Davis, D. A.; White, S. R.; Moore, J. S.; Sottos, N. R.; Braun, P. V. J. Am. 
Chem. Soc. 2010, 132, 16107. 
(80)  Unpublished work by Preston May, University of Illinois. 
(81)  Cooray, B.; Spencer, R. Paint and Resin 1998, 18. 
18 
 
(82)  Witte, F. M.; Kieft, G.; Elshout, W. H. A.; Baijard, R.; Houweling, M. In Proceedings of 
the Water-borne High-Solids Powdre Symposium; New Orleans, LA, 1995; p. 32. 
(83)  Leibfarth, F. A.; Schneider, Y.; Lynd, N. A.; Schultz, A.; Moon, B.; Kramer, E. J.; 
Bazan, G. C.; Hawker, C. J. J. Am. Chem. Soc. 2010, 132, 14706. 
(84)  Beyer, M. K. J. Chem. Phys. 2000, 112, 7307. 
(85)  Figure courtesy of Dorothy Loudermilk, University of Illinois at Urbana-Champaign 
Graphic Services Facility in the School of Chemical Sciences.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
19 
 
Chapter 2 -  Mechanophore Synthesis and Testing Protocols
1
 
 
2.1 Introduction 
 
 In order to investigate the mechanical properties of the putative mechanophores studied 
within this thesis, it was first necessary to synthesize the mechanophores.  In particular, the 
dicyano-substituted mechanophores were not known in literature, so new targeted synthetic 
strategies needed to be developed.  After synthesis of the cyclobutane portion of the 
mechanophores, it was necessary to introduce end-groups that allowed for the mechanophores to 
integrated into the polymer matrix.  Each mechanophore needed to have two reactive termini for 
the formation of mechanophore-linked polymers.   For all the mechanophores studied, this 
synthesis was accomplished through the formation of a bis-diol functionalized mechanophore 
followed by functionalization with α-bromo esters necessary for the synthesis of center-
functionalized polymers contained the mechanophore at the core.
2,3
  The inclusion of the diol-
functionalized intermediates during synthesis was fortuitous, because it allowed for the potential 
integration of these mechanophores into thermoplastic polyurethanes through the direct reaction 
of the alcohols with isocyanates.
4
   
   After successful synthesis of each of these initiator functionalized mechanophores, they 
were incorporated into a series of mechanophore-centered poly(methyl acrylate) (PMA) 
polymers through the use of living radical polymerization.  Mechanophore activity was 
investigated using solution-phase ultrasound tests similar to work done in the Moore group in the 
past.
5-12
  Typical procedures utilized in mechanophore synthesis and testing were completed as 
outlined in this chapter, whereas detailed analysis of the experimental results can be found 
elsewhere in this thesis.  
 
 
2.2 Mechanophore Synthesis 
 
2.2.1 Synthesis of Dicyano-Substituted 1,2-Cyclobutane Mechanophores 
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 Initial attempts at synthesizing the dicyano-substituted 1,2-cyclobutanes were 
unsuccessful (Scheme 2.1).  Reaction of 1,2-dibromoethane with 2 equivalents of methyl 
cyanoacetate did not lead to any isolatable desired product (Scheme 2.1A).  The reaction 
presumably underwent undesired side reactions due to the extremely acidic proton formed upon 
monoalkylation of the 1,2-dibromoethane (analogous to problems noted by Grossman and 
coworkers when working with 1,3-dibromopropane and ethyl cyanoacetate).
13
   A second route, 
which attempted to utilize cyanide anion to displace the bromides in dimethyl 2,5-
dibromohexanedioate led to premature ring closing and formation of the monosubstituted 
cyclobutane under all conditions studied (Scheme 2.1B).
14
   
 
Scheme 2.1. Unsuccessful synthetic routes for cis and trans dicyano-substituted cyclobutane 
mechanophores.  
  
 
 
 
 
 
 
 
 
 The third route chosen for targeted synthesis of the dicyano-substituted cyclobutanes was 
based on previous work by Grossman and coworkers.
13
  This approach utilized a masking group 
for the second acidic proton adjacent to the ester functionality (Scheme 2.2A).  Although the 
synthesis was longer, it ultimately proved successful for the synthesis of both the cis and trans 
dicyano-substituted cyclobutane mechanophores.  Both derivatives were synthesized starting 
with the commercially available methyl cyanoacetate 1 and 3-pentanone 2.  A Knoevenagel 
condensation of these two starting materials resulted in α,β-unsaturated ester 3,15 which was 
reacted with dibromoethane to yield a mixture of bis-alkenes 4.  Ozonolysis followed directly by 
methanolysis yielded the symmetric dicyano diester 5 (the structure of this compound was 
confirmed by X-ray crystallography, see appendix for details).  Ring closure gave a mixture of 
methyl ester substituted cyclobutanes 6, the cis dicyano-substituted mechanophore, and 7, the 
21 
 
trans dicyano-substituted mechanophore (a mixture of enantiomers), in a 1:3 ratio. The products 
were further separated to give the pure cis and trans derivatives via sublimation, where relative 
stereochemistry was determined through X-ray crystallography (Figure 2.1, see appendix for X-
ray collection details).   
 After determination of the absolute stereochemistry of the core mechanophore structures, 
the methyl-ester derivatives were exposed to trans-esterification conditions to form the bis-
hydroxy terminated species 8 and 9 (Scheme 2.2B).  These were reacted with 2-bromo-2-
methylpropanoyl bromide to form the bis-initiators 10 and 11, which resulted in the installation 
of the necessary end groups for living radical polymerization.     
 
Scheme 2.2. Synthesis of the cis and trans dicyano-substituted cyclobutane mechanophores. 
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Figure 2.1. Crystal structures of (A) cis dicyano-substituted cyclobutane mechanophore and (B) 
trans dicyano-substituted cyclobutane mechanophore. 
 
 
2.2.2 Synthesis of Monocyano-Substituted 1,2-Cyclobutane Mechanophores 
 
 The second set of mechanophores targeted for systematic analysis were the monocyano-
substituted cyclobutanes.  Both the cis and trans derivatives were synthesized by α-bromination 
and esterification of adipic acid 12 to yield diester 13 as a common intermediate.
16
  This step was 
followed by the addition of sodium cyanide to afford a racemic mixture of cis cyclobutanes 14 
and diasteriomeric trans cyclobutanes 15 (Scheme 2.3A). The mixture of isomers was further 
separated through selective crystallization of the cis derivative.
14
  The structure of the cis 
derivative was confirmed by X-ray crystallography (Figure 2.2, see appendix for X-ray 
collection details). 
 After determination of the core mechanophore structure, the methyl-ester derivatives 
were exposed to trans-esterification conditions with ethylene glycol to form the bis-hydroxy 
terminated species 16 and 17 (Scheme 2.3B).  These were further reacted with 2-bromo-2-
methylpropanoyl bromide to form the bis-initiators 18 and 19 for the necessary end groups 
needed in living radical polymerization.     
 
 
 
A B 
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Scheme 2.3. Synthesis of the cis and trans monocyano-substituted cyclobutane mechanophores. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Crystal structure of cis mono-substituted cyclobutane mechanophore. 
 
 
 
2.2.3   Synthesis of Unsubstituted 1,2-Cyclobutane Mechanophores 
24 
 
 The third series of 1,2-substituted cyclobutane mechanophores studied were the cis and 
trans unsubstituted cyclobutanes.  Unlike the di- and mono-substituted cyclobutanes discussed 
previously, the core structures were not formed from common intermediates.  The cis 
mechanophore was synthesized from the [2+2] cycloaddition of ethylene gas and maleic 
anhydride to form 3-oxabicyclo[3.2.0]heptane-2,4-dione 20 (Scheme 2.4A).
17
  This carboxylic 
anhydride was then reacted with an excess of ethylene glycol to form the bis-hydroxy terminated 
cyclobutane 21, followed by reaction with 2-bromo-2-methylpropanoyl bromide to form the bis-
initiator 22, which was necessary for living radical polymerization. 
 The trans mechanophore was synthesized starting with the commercially available 
enantiomeric mixture of trans-cyclobutane-1,2-dicarboxylic acid 23 (Scheme 2.4B).  
Esterification with an excess of ethylene glycol led to the formation of 24, followed by initiator 
functionalization with 2-bromo-2-methylpropanoyl bromide yielding 25.  
 
Scheme 2.4. (A) Synthesis of cis unsubstituted cyclobutane mechanophore. (B) Synthesis of 
trans unsubstituted cyclobutane mechanophore. 
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2.2.4 Synthesis of 1,3-Substituted Mechanophores 
 
 In addition to investigating the relative reactivities of a series of 1,2-substituted 
cyclobutanes, attempts were made at studying cyclobutanes containing a 1,3-substitution pattern.  
Although there was no readily accessible 1,3-cyclobutanes of similar structural motif comparable 
to the 1,2-substituted cyclobutanes studied, it was noted that a 1,3-substituted cyclobutane was 
utilized commercially by Eastman.
18,19
   Due to the ease of access to this cyclobutane and its 
commercial availability, it was decided that an initial foray into the study of 1,3-cyclobutanes 
would be undertaken using a 2,2,4,4-tetramethylcyclobutane-1,3-diol core. 
 2,2,4,4-tetramethylcyclobutane-1,3-diol was obtained from commercial sources in an 
approximately 1:1 ratio of the cis and trans diol.  Initial separation of the diol was done using a 
method similar to that developed by Hasek and coworkers.
20
  Formylation of the racemic mixture 
of diols resulted in a mixture of diformate racemates, which could be separated through selective 
crystallization of the trans (solid) cyclobutane 27 in the presence of the cis (liquid) cyclobutane 
26.  After separation, regeneration of the diol was realized by simple methanolysis of the formate 
groups to yield both pure cis 28 and pure trans 29 (Scheme 2.5).  In addition to separation via 
formation of derivates, it was later found that marginal separation of the cis and trans 
cyclobutanes could be obtained via optimized flash chromatography using a 3:1 mixture of 
hexanes:ethyl acetate. 
 
Scheme 2.5 Separation of the cis and trans isomers of 2,2,4,4-tetramethylcyclobutane-1,3-diol. 
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 After successful separation of the cis and trans isomers, functionalization of the diol with 
2-bromo-2-methylpropanoyl bromide to form a bis-initiator was attempted using a procedure 
similar to that utilized with the 1,2-substituted cyclobutanes.  However, it was found that typical 
reaction conditions resulted in the isolation of mono-esterified product.  Even under driving 
conditions (large excess of acid bromide and reaction heating), the formation of bis-
functionalized initiator was not observed.  It is theorized that this lack of reactivity was due to 
the more sterically hindered substrate being used in this situation, leading to the formation of 
only mono-substituted product.  As a result, conditions were modified using N,N’-
dicyclohexylcarbodiimide (DCC) coupling conditions between the diol and a less sterically 
bulky 2-bromopropionic acid.   This motification ultimately resulted in the formation of both cis 
and trans bis-initiators (30 and 31, respectively) containing the core 1,3-cyclobutane (Scheme 
2.6).     
 
Scheme 2.6. Synthesis of 1,3-cyclobutane mechanophore initiators.  
 
 
 
 
 
 
 
 
2.3 Synthesis of Controls 
 
 It is often difficult to ascertain what is happening during a mechanochemical reaction on 
the molecular scale due to the sheer number of atoms contained within the polymer chains.  
Therefore, it is often necessary to synthesize control polymers to compare differences in 
reactivity and molecular activation.  Accordingly, two unique initiators were chosen for the 
synthesis of control polymers for comparison to the mechanophoric polymers.   
 The first control consisted of a simple, commercially available mono-initiator, methyl 2-
bromopropionate, which was used in the synthesis of PMA homopolymers.  Use of this initiator 
27 
 
allows for the creation of a polymer without a center functional group; rather, it resulted in a 
series of polymers that had consistent structure throughout the backbone, unlike the other control 
and mechanophore polymers. 
 The second control initiator replaced the active cyclobutane group with a simple alkane 
bridge (Scheme 2.7).  This initiator was synthesized in a similar manner to the mechanophores 
above.  Starting with succinic acid, a simple bis-esterification with ethylene glycol yielded the 
corresponding diol 32; this reaction was then followed by initiator functionalization with 2-
bromo-2-methylpropanoyl bromide which resulted in the bridged-alkane control initiator 33. 
 
Scheme 2.7. Synthesis of the center-functionalized control initiator. 
 
  
 
 
 
 
 
 
 
2.4 Formation of Mechanophore-Centered Polymers 
 
 Initial forays in the Moore group into the synthesis of polymers containing chain-centered 
mechanophores focused on the direct attachment of poly(ethylene glycol) (PEG) linear polymers 
with predetermined lengths to the core mechanophore.
9,10
  This approach allowed for the 
synthesis of polymers with consistent chain length of known size and narrow PDIs.  However, 
this technique had a variety of drawbacks, including costliness, limited number of commercially 
available chain lengths, purification difficulties, and limited scalability.  Because of these 
drawbacks, alternative methods of polymer synthesis were needed.  
 One technique that has been extensively employed by the Moore group
11,12,21,22
 and 
others
23-25
  as an alternative to the direct attachment of preformed polymers is using chain-
growth polymerization techniques for the growth of polymer chains from the core 
28 
 
mechanophore.
4
  One of the key characteristics of many chain-growth polymerization techniques 
is the ability to control the molecular weight and distribution of the resulting polymer.  Of these 
systems, single-electron-transport living radical polymerization (SET-LRP) has been extensively 
studied and developed by Percec and coworkers for the controlled synthesis of poly(methyl 
acrylate).
3,26-29
  Although similar in nature to atom transfer radical polymerization (ATRP),
2,30-32
 
SET-LRP is a method of living radical polymerization that can be done at room temperature and 
it allows for the synthesis of extremely high molecular weight polymers with low PDIs.  Because 
of these characteristics, it was a logical system for the synthesis of polymers containing 
mechanophores at the center.   
 Using SET-LRP, a series of polymers for each of the aforementioned mechanophores and 
controls ranging in molecular weights between 30-250 kDa was synthesized.  The targeted 
molecular weight of polymer obtained in each polymerization was controlled by adjusting the 
initial ratio of monomer to initiator.   
 
2.5  Polymer Sonication 
 
 Ultrasound is a commonly used technique in the solution phase study of mechanophore 
linked polymers.
9,10,12,22,33-35
  When a solution is sonicated, alternating high and low pressure 
waves create bubbles in the solution. Upon continued sonication, these bubbles expand in size 
until they reach a critical diameter where the bubbles collapse and rapidly pull solvent inward 
(Figure 2.3A)
36-38
.  It is thought that polymers cleave during sonication events due to 
solvodynamic shear that occurs in solution during the collapse of these cavitation induced 
bubbles (Figure 2.3B).  As a result, high strain rates are introduced along the backbone of the 
polymer and across the mechanophore during sonication, leading to mechanophore activation 
and/or polymer cleavage.  Due to the nature of this acoustically induced strain (a Gaussian 
distribution of force along the chain center
39,40
), the use ultrasound upon mechanophore-centered 
mechanophores is advantageous because it centers the force upon the mechanophore itself.    
 During sonication, cavitation strength (and polymer cleavage rates) can be affected by a 
variety of factors including solvent,
41,42
 temperature,
43-46
 and ultrasonic intensity,
43,47,48
 among 
others.
49,50
   Therefore, it is necessary to closely control the sonication environment and strength.  
In addition to being affected by cavitation strength, the polymer cleavage rate is also affected by 
29 
 
initial polymer molecular weight, with high molecular weight polymers cleaving faster than low 
molecular weight polymers.
36,51,52
  If care is taken to control these factors and differences in 
initial molecular weight are accounted for, it is possible to use polymer sonication to measure 
relative rates of polymer cleavage in solution.  In fact, it has been shown in the past that the 
inclusion of weak bonds in the backbone of the polymer chains can have an effect upon cleavage 
rates,
10,53
 where the inclusion of weak bonds leads to faster rates of cleavage.  Consequently, a 
study of the differences in relative rates of cleavage of a set of structurally identical (except for 
the structure of the core mechanophore) allows for investigation of the reactivity properties of 
the mechanophores studied herein. 
 
  
 
 
 
Figure 2.3.
36
 Mechanism of polymer chain scission due to ultrasound. (A) Bubble formation due 
to pressure changes resulting from ultrasonic irradiation. (B) Bubble collapse causes polymer 
cleavage due to the force imparted along the backbone. 
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2.6 Synthetic Procedures 
 
2.6.1 General Synthesis Information 
 
Unless otherwise stated, all starting materials were obtained from commercial suppliers and used 
without purification. Anhydrous acetonitrile was obtained for Acros (Acroseal, 99.9%) and used 
as is. Dry dichloromethane was obtained from an Anhydrous Engineering Solvent Delivery 
System (SDS) equipped with activated alumina columns. Cu(0) powder (99%, 1-5 μm) was 
purchased from Sigma-Aldrich. Me6TREN was synthesized following literature precedent.
54
 All 
reactions were performed under a N2 atmosphere unless otherwise specified.   
 
Analytical gel permeation chromatograph (GPC) analyses were performed with a Waters 515 
HPLC pump, a Viscotek TDA Model 300 triple detector array, a Thermoseparations Trace series 
AS100 autosampler, and a series of 3 Waters HR Styragel columns (7.8 X 300mm, HR3, HR4, 
and HR5) in THF at 30 °C or with a Waters 1515 Isocratic HPLC pump, a Waters (2998) 
Photodiode Array Detector, a Waters (2414) Refractive Index Detector, a Waters (2707) 96-well 
autosampler, and a series of 4 Waters HR Styragel columns (7.8 X 300mm, HR1, HR3, HR4, 
and HR5) in THF at 30 °C.  Both of the GPCs were calibrated using monodisperse polystyrene 
standards.  Preparatory GPC analyses were performed with a waters 515 HPLC pump, a Waters 
2487 UV detector (set at 265 nm), a 410 Differential Diffractometer, and a series of 3 Waters 
columns (19 X 300 mm, Ultrastyragel 10
4
 Å THF, 10
2
 Å THF, 500 Å THF) in HPLC grade THF. 
 
Ultrasound experiments were performed using a Vibra Cell 505 liquid processor with a ½ inch 
diameter solid probe from Sonics and Materials. The distance between the titanium tip and 
bottom of the Suslick cell was 1 cm. The Suslick cells
55
 were made by the School of Chemical 
Sciences’ Glass Shop at the University of Illinois. 
 
Flash column chromatography was conducted with silica gel 60 (230-400 mesh) from Silicycle.  
Melting points were obtained using an electrothermal melting temperature apparatus (Mel-Temp, 
Model 1001). 
1
H and 
13
C NMR spectra were obtained using either a Varian 400 or 500 MHz 
spectrometer in the VOICE NMR laboratory at the University of Illinois; the residual solvent 
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protons were used to reference the chemical shift. Coupling constants (J) are reported in Hertz 
(Hz), and splitting patterns are designated as s (singlet), d (doublet), t (triplet), q (quartet), m 
(multiplet), and br (broad). 
 
UV-vis spectra were recorded using a Shimadzu UV-2401PC.  Quartz cells with a path length of 
1 cm were used. UV irradiation of samples dissolved in THF was performed with a Model UVG-
11 Mineralight lamp (short wave UV – 254 nm).   Mass spectra were obtained through the Mass 
Spectrometry Facility, SCS, University of Illinois and elemental analyses were performed by the 
University of Illinois MicroAnalytical services.  X-ray crystallographic analysis was performed 
by the George L. Clark X-ray Facility at the University of Illinois.  
 
2.6.2  Synthetic Details 
 
Synthesis of Methyl 2-cyano-3-ethylpent-2-enoate  
 
 
 
 
 
Methyl 2-cyano-3-ethylpent-2-enoate was synthesized following literature procedure.
15
  The 
spectroscopic data agree with those reported. 
 
 
Synthesis of Dimethyl 2,5-dicyano-2,5-di(pent-2-en-3-yl) hexanedioate (mixture of isomers) 
 
 
 
 
 
Dimethyl 2,5-dicyano-2,5-di(pent-2-en-3-yl)hexanedioate (mixture of isomers) was prepared 
using a modified procedure from that reported by Grossman et al.
13
  Potassium tert-butoxide 
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(11.0 g, 98.1 mmol) was dissolved into 60 mL DMSO in a 250 mL round-bottom flask.  Methyl 
2-cyano-3-ethylpent-2-enoate (15.0 g, 90.0 mmol) was added dropwise and the solution was 
allowed to stir for 45 min.  1,2-dibromoethane (3.51 mL, 40.8 mmol) was added dropwise.  The 
reaction mixture was heated for 18 h at 70 °C.  The reaction mixture was dissolved into 1.5 L 
diethyl ether and washed with 1.2 L H2O, dried over magnesium sulfate, and the solvent was 
evaporated in vacuo.  The crude product was purified via flash column chromatography (0.4% 
methanol in methylene chloride) yielding a white solid (13.4 g, 37.2 mmol, 91%).  
1
H NMR (500 
MHz, CDCl3) δ 5.87 (q, J = 6.8 Hz, 2H), 3.81 (s, 6H), 1.98-2.22 (m, 8H), 1.73 (s, 3H), 1.72 (s, 
3H), 0.98 (t, J = 7.5 Hz, 6H). 
13
C{
1
H} NMR (125 MHz, CDCl3) δ 167.9, 134.5, 126.3, 118.0, 
54.8, 31.1, 21.2, 14.0, 13.6. HRMS-EI (m/z): calcd for C20H28N2O4 [M+], 360.2049; found, 
360.2053.  Anal. Calcd for C20H28N2O4: C, 66.64; H, 7.83; N, 7.77.  Found: C, 66.66; H, 8.00; N, 
7.77.  mp 76-80 °C. 
 
 
Synthesis of Dimethyl 2,5-dicyanohexanedioate (mixture of isomers)  
 
 
 
 
 
Dimethyl 2,5-dicyanohexanedioate was prepared using a modified procedure from that reported 
by Grossman et al.
13
  Dimethyl 2,5-dicyano-2,5-di(pent-2-en-3-yl)hexanedioate  (20.0 g, 55.5 
mmol) was dissolved in 400 mL methylene chloride in a 500 mL 3-neck round-bottom flask and 
cooled to -78 °C.  The solution was sparged with O3 until a dark blue color appeared and was 
subsequently sparged with O2 until colorless.  Methylene chloride was removed under N2 stream, 
and the residue was dissolved into 300 mL methanol.  Tosic acid (1.50 g, 7.89 mmol) was added, 
and the solution was refluxed for three days.  Methanol was evaporated in vacuo, the resulting 
solid was dissolved into methylene chloride, washed with sodium bicarbonate, dried under 
magnesium sulfate, and the solvent was removed via evaporation.  The crude product was 
recrystallized in hot ethyl acetate to yield white crystals (6.54 g, 29.2 mmol, 53%)  
1
H NMR 
(500 MHz, CDCl3) δ 3.86 (s, 6H), 3.60-3.64 (m, 2H), 2.10-2.25 (m, 4H). 
13
C{
1
H) NMR (125 
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MHz, CDCl3) δ 165.8, 115.6, 54.1, 36.7, 26.8.  HRMS-EI (m/z): calcd for C10H13N2O4 (MH
+
), 
225.08754; found, 225.08720.  Anal. Calcd for C10H12N2O4: C, 53.57; H, 5.39; N, 12.49.  Found: 
C, 53.60; H, 5.35; N, 12.22.  mp: 116.5-118.5 °C 
 
 
Synthesis of (1R,2S)-dimethyl 1,2-dicyanocyclobutane-1,2-dicarboxylate  /  (1S,2S)-dimethyl 
1,2-dicyanocyclobutane-1,2-dicarboxylate / (1R,2R)-dimethyl 1,2-dicyanocyclobutane-1,2-
dicarboxylate (mixture of isomers) 
 
 
 
 
 
Dimethyl 2,5-dicyanohexanedioate (3.00 g, 13.4 mmol) was dissolved into 75 mL of dry 
methylene chloride in a 250 mL round-bottom flask.  Triethylamine (1.35 g, 13.4 mmol) was 
dissolved in 10 mL methylene chloride and added dropwise.  After 10 min of stirring, bromine 
(2.14 g, 13.4 mmol), dissolved in 10 mL methylene chloride, was added dropwise and the 
solution was stirred for 45 min.  Triethylamine (1.35 g, 13.4 mmol) in 10 mL methylene chloride 
was added dropwise, and the solution was stirred for 45 min.  The resulting solution was 
dissolved in 600 mL methylene chloride, washed with water, dried with magnesium sulfate, and 
evaporated in vacuo.  Crude product was purified using flash column chromatography 
(methylene chloride) yielding a white solid (1.82 g, 8.20 mmol, 61%) as a 3:1 mixture of trans-
diester:cis-diester (by 
1
H NMR).   The isomers were separated by selective sublimation of the 
trans-diester in the presence of the cis-diester and the isomers were identified by single crystal 
XRD analysis.  (1R,2S)-dimethyl 1,2-dicyanocyclobutane-1,2-dicarboxylate:  
1
H NMR (400 
MHz, CDCl3) δ 3.87 (s, 6H), 2.88-2.98 (m, 2H), 2.75-2.85 (m, 2H). 
13
C{
1
H} NMR (100 MHz, 
CDCl3) δ 164.9, 115.5, 54.7, 47.2, 27.9.  HRMS-EI (m/z): calcd for  C10H11N2O4 [MH+], 
223.07189; found, 223.07186. mp 97-100 °C.  (1S,2S)-dimethyl 1,2-dicyano-cyclobutane-1,2-
dicarboxylate / (1R,2R)-dimethyl 1,2-dicyanocyclobutane-1,2-dicarboxylate:  
1
H NMR (500 
MHz, CDCl3) δ 4.02 (s, 6H), 2.88-2.98 (m, 2H), 2.75-2.85 (m, 2H). 
13
C{
1
H} NMR (125 MHz, 
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CDCl3) δ 164.9, 115.2, 55.2, 47.4, 27.3.  HRMS-EI (m/z): calcd for  C10H10N2O4 [M+], 
222.06406; found, 222.06400. 
 
 
Synthesis of (1R,2S)-bis(2-hydroxyethyl) 1,2-dicyanocyclobutane-1,2-dicarboxylate  
 
 
 
 
 
(1R,2S)-dimethyl 1,2-dicyanocyclobutane-1,2-dicarboxylate (0.500 g, 2.25 mmol) was dissolved 
into ethylene glycol (5.58 g, 90.0 mmol).  Five drops of H2SO4 were added and the solution was 
heated for three days at 75 °C.  The solution was dissolved into 50 mL ethyl acetate, washed 
with a dilute sodium bicarbonate solution, and the solvent was evaporated in vacuo.  The 
resulting liquid was purified via flash chromatography (2% methanol in ethyl acetate) yielding a 
light brown liquid (0.28 g, 0.81 mmol, 44%). 
1
H NMR (500 MHz, DMSO-d6) δ 4.16-4.26 (m, 
4H), 3.57-3.62 (t, J = 4.7Hz, 4H), 2.76-2.88 (m, 4H). 
13
C{
1
H} NMR (125 MHz, DMSO-d6) δ 
164.2, 116.2, 69.2, 58.4, 46.8, 27.1.  HRMS-EI (m/z): calcd for C12H15N2O6 [MH+], 283.09302; 
found, 283.09340.   
 
 
Synthesis of (1R,2S)-bis(2-(2-bromo-2-methylpropanoyloxy)ethyl) 1,2-dicyanocyclo butane-1,2-
dicarboxylate 
 
 
 
 
 
(1R,2S)-bis(2-hydroxyethyl) 1,2-dicyanocyclobutane-1,2-dicarboxylate (0.100 g, 0.354 mmol) 
was dissolved into 10 mL THF in a 25 mL round-bottom flask and cooled to 0 °C.  
Triethylamine (0.110g, 1.10 mmol) was added and the solution was stirred for 10 min.  2-
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Bromo-2-methylpropanoyl bromide (0.250 g, 1.06 mmol) was added dropwise to the cooled 
solution and was allowed to warm to room temperature while stirring overnight.  The resulting 
solid salt was removed by filtration, the solvent was removed, and flash column chromatography 
(2% methanol in methylene chloride) gave a light brown liquid (0.137 g, 0.236 mmol, 67%).  
1
H 
NMR (500 MHz, CDCl3) δ 4.34-4.59 (m, 8H), 2.87-2.96 (m, 2H), 2.74-2.84 (m, 2H), 1.93 (s, 
12H).
 13
C{
1
H} NMR (125 MHz, CDCl3) δ 171.6, 164.4, 65.2, 62.8, 55.5, 47.1, 30.8, 28.1.  
HRMS-EI (m/z): calcd for C20H25
81
Br2N2O8 [MH+], 582.99368; found, 582.99411. 
 
 
Synthesis of (1R,2R)-bis(2-hydroxyethyl) 1,2-dicyanocyclobutane-1,2-dicarboxylate / (1S,2S)-
bis (2-hydroxyethyl) 1,2-dicyanocyclobutane-1,2-dicarboxylate (mixture of isomers) 
 
 
 
 
 
A racemic mixture of (1R,2R)-dimethyl 1,2-dicyanocyclobutane-1,2-dicarboxylate and (1S,2S)-
dimethyl 1,2-dicyanocyclobutane-1,2-dicarboxylate (0.489 g, 2.25 mmol) was dissolved into 
ethylene glycol (4.20 g, 67.5 mmol).  Six drops of concentrated H2SO4 were added and the 
solution was heated for 48 h at 75 °C.  The solution was dissolved into ethyl acetate, washed 
with a dilute sodium bicarbonate solution, and the solvent was evaporated off.  The resulting 
liquid was purified via flash chromatography (2% methanol in ethyl acetate) yielding a clear 
liquid (0.311 g, 1.09 mmol, 48% yield).  
1H NMR (500 MHz, DMSO) δ 4.97 (t, J = 5.5Hz, 2H), 
4.26-4.35 (m, 4H), 3.64-3.73 (m, 4H), 2.70-2.85 (m, 4H).  
13
C{
1H} NMR (125 MHz, DMSO) δ 
164.6, 115.6, 69.2, 58.5, 47.0, 27.4.  HRMS-EI (m/z): calcd for C12H15N2O6 [MH+], 283.09302; 
found, 283.09278. 
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Synthesis of (1R,2R)-bis(2-(2-bromo-2-methylpropanoyloxy)ethyl) 1,2-dicyanocyclobutane-1,2-
dicarboxylate / (1S,2S)-bis(2-(2-bromo-2-methylpropanoyloxy)ethyl) 1,2-dicyano-cyclobutane-
1,2-dicarboxylate (mixture of isomers)  
 
 
 
 
A racemic mixture of (1R,2R)-bis(2-hydroxyethyl) 1,2-dicyanocyclobutane-1,2-dicarboxylate 
and (1S,2S)-bis(2-hydroxyethyl) 1,2-dicyanocyclobutane-1,2-dicarboxylate (0.311 g, 1.10 mmol) 
was dissolved into 10 mL of THF and cooled to 0 °C.  Triethylamine (0.345 g, 3.41 mmol) was 
added and the solution was allowed to stir for 10 min.  2-bromo-2-methylpropanoyl bromide 
(0.760 g, 3.30 mmol) was added dropwise to the cooled solution and it was allowed to warm to 
room temperature while stirring for 4 h.  The resulting solid salt was filtered off, the solvent was 
removed, and flash chromatography (2% methanol in methylene chloride) gave a clear liquid 
(0.331 g, 0.570 mmol, 52% yield).
  1
H NMR (500 MHz, CDCl3) δ 4.44-4.72 (m, 8H), 2.79-2.94 
(m, 4H), 1.93 (s, 12H). 
13
C{
1
H} NMR (125 MHz, CDCl3) δ 171.5, 164.1, 114.7, 65.6, 62.9, 55.5, 
47.0, 30.8, 27.2.  HRMS-EI (m/z): calcd for C20H25
81
Br2N2O8 [MH+], 582.99368; found, 
582.99368 
 
 
Synthesis of Dimethyl 2,5-dibromohexanedioate (mixture of isomers) 
 
 
 
Dimethyl 2,5-dibromohexanedioate was synthesized following literature procedure.
16
  The 
spectroscopic data agree with those reported. 
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Synthesis of (1R,2S)-dimethyl 1-cyanocyclobutane-1,2-dicarboxylate / (1S,2R)-dimethyl 1-
cyanocyclo-butane-1,2-dicarboxylate / (1R,2R)-dimethyl 1-cyanocyclobutane-1,2-dicarboxylate / 
(1S,2S)-dimethyl 1-cyanocyclobutane-1,2-dicarboxylate (mixture of isomers) 
 
 
 
 
 
 
 
(1R,2S)-dimethyl 1-cyanocyclobutane-1,2-dicarboxylate, (1S,2R)-dimethyl 1-cyanocyclobutane-
1,2-dicarboxylate, (1R,2R)-dimethyl 1-cyanocyclobutane-1,2-dicarboxylate, and (1S,2S)-
dimethyl 1-cyanocyclobutane-1,2-dicarboxylate were synthesized and separated (cis and trans) 
following literature procedure.
14
  The spectroscopic data agree with those reported. 
 
 
Synthesis of (1R,2S)-bis(2-hydroxyethyl) 1-cyanocyclobutane-1,2-dicarboxylate / (1S,2R)-bis(2-
hydroxy ethyl) 1-cyanocyclobutane-1,2-dicarboxylate (mixture of isomers) 
 
 
 
 
 
A racemic mixture of (1R,2S)-dimethyl 1-cyanocyclobutane-1,2-dicarboxylate and (1S,2R)-
dimethyl 1-cyanocyclobutane-1,2-dicarboxylate (0.300 g, 1.53 mmol) was weighed, dissolved in 
5 mL of THF and ethylene glycol (2.85 g, 45.9 mmol) was added.  Diisopropyl ethyl amine 
(0.198 g, 1.53 mmol) was added dropwise and the reaction was stirred at rt for 5 d.  Once full 
conversion was evident by TLC, the reaction was directly purified by flash chromatography (4% 
methanol in ethyl acetate) to yield a clear liquid (0.268 g, 1.04 mmol, 68% yield).  The resulting 
diol was an approximately a 5:1 ratio of cis:trans based on 
1
H NMR.   
1
H NMR (500 MHz, 
CDCl3) δ 4.40-4.47 (m, 1H), 4.21-4.30 (m, 2H), 4.15-4.20 (m, 1H), 3.72-3.90 (m, 4H), 2.94 (bs, 
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2H), 2.55-2.77 (m, 3H), 2.33-2.40 (m, 1H).  
13
C{
1
H} NMR (125 MHz, CDCl3) δ 170.5, 167.8. 
118.9, 68.8, 67.2, 60.5, 60.3, 45.4, 44.9, 28.5, 21.5.  HRMS-EI (m/z): calcd for C11H16NO6 
[MH+], 258.09776; found, 258.09788. 
 
 
Synthesis of (1R,2S)-bis(2-(2-bromo-2-methylpropanoyloxy)ethyl) 1-cyanocyclobutane-1,2-
dicarboxylate / (1S,2R)-bis(2-(2-bromo-2-methylpropanoyloxy)ethyl) 1-cyanocyclo-butane-1,2-
dicarboxylate (mixture of isomers) 
 
 
 
 
 
A racemic mixture of (1R,2S)-bis(2-hydroxyethyl) 1-cyanocyclobutane-1,2-dicarboxylate and 
(1S,2R)-bis(2-hydroxyethyl) 1-cyanocyclobutane-1,2-dicarboxylate (0.252 g, 0.978 mmol) was 
dissolved into 15 mL of THF and cooled to 0 ºC.  Triethylamine (0.307 g, 3.03 mmol) was added 
and the solution was allowed to stir for 10 min.  2-bromo-2-methylpropanoyl bromide (0.675 g, 
2.94 mmol) was added dropwise to the cooled solution and it was allowed to warm to rt while 
stirring for 4 h.  The resulting solid salt was filtered off, the solvent was removed, and flash 
chromatography (2% methanol in methylene chloride) gave a clear liquid (0.355 g, 0.640 mmol, 
65% yield). The resulting diol was approximately a 5:1 ratio of cis:trans based on 
1
H NMR.   
1
H 
NMR (500 MHz, CDCl3) δ 4.30-4.55 (m, 8H), 3.70-3.77 (m,1H), 2.50-2.72 (m, 3H), 2.30-2.40 
(m, 1H), 1.92 (s, 12H) 
13
C{
1
H} NMR (125 MHz, CDCl3) δ 171.5, 169.5, 167.2, 118.2, 64.2, 
63.3, 62.9, 62.6, 55.5, 55.4, 45.1, 42.2, 30.7, 28.8, 21.6.  HRMS-EI (m/z): calcd for C11H16NO6 
[MH+], 258.09776; found, 258.09788. 
 
 
Synthesis of (1R,2R)-bis(2-hydroxyethyl) 1-cyanocyclobutane-1,2-dicarboxylate / (1S,2S)-bis(2-
hydroxyethyl) 1-cyanocyclobutane-1,2-dicarboxylate (mixture of isomers) 
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A racemic mixture of (1R,2R)-dimethyl 1-cyanocyclobutane-1,2-dicarboxylate and (1S,2S)-
dimethyl 1-cyanocyclobutane-1,2-dicarboxylate (1.00 g, 5.10 mmol) was dissolved into ethylene 
glycol (7.91 g, 127 mmol).  Five drops of concentrated H2SO4 were added and the solution was 
heated for 48 h at 75 °C.  The solution was dissolved into ethyl acetate, washed with a dilute 
sodium bicarbonate solution, and the solvent was evaporated off.  The resulting liquid was 
purified by flash chromatography (4% methanol in ethyl acetate) yielding a clear liquid (1.19 g, 
4.63 mmol, 91% yield).  
1
H NMR (500 MHz, CDCl3) δ  4.45-4.55 (m, 2H), 4.10-4.21 (m, 2H), 
3.75-3.92 (m, 4H), 2.60-2.75 (m, 2H), 2.43-2.50 (m, 1H), 2.23-2.30 (m, 1H). 
13
C{
1
H} NMR (125 
MHz, CDCl3) δ  169.5, 167.4, 118.2, 68.6, 67.1, 60.7, 60.4, 45.0, 44.4, 27.8, 20.1. HRMS-EI 
(m/z): calcd for C11H16NO6 [MH+], 258.0978; found, 258.0979. 
 
 
Synthesis of (1R,2R)-bis(2-(2-bromo-2-methylpropanoyloxy)ethyl) 1-cyanocyclobutane-1,2-
dicarboxylate / (1S,2S)-bis(2-(2-bromo-2-methylpropanoyloxy)ethyl) 1-cyanocyclo-butane-1,2-
dicarboxylate (mixture of isomers) 
 
 
 
 
 
A racemic mixture of (1R,2R)-bis(2-hydroxyethyl) 1-cyanocyclobutane-1,2-dicarboxylate and 
(1S,2S)-bis(2-hydroxyethyl) 1-cyanocyclobutane-1,2-dicarboxylate (0.250 g, 0.972 mmol) was 
dissolved into 15 mL of THF and cooled to 0 °C.  Triethylamine (0.304 g, 3.01 mmol) was 
added and the solution was allowed to stir for 10 min.  2-bromo-2-methylpropanoyl bromide 
(0.670 g, 2.92 mmol) was added dropwise to the cooled solution and it was allowed to warm to rt 
while stirring for 4 h.  The resulting solid salt was filtered off, the solvent was removed, and 
flash chromatography (2% methanol in methylene chloride) gave a clear liquid (0.413 g, 0.744 
mmol, 77% yield).  
1
H NMR (400 MHz, CDCl3) δ 4.38-4.60 (m, 8H), 3.81-3.88 (m, 1H), 2.50-
2.70 (m, 3H), 2.25-2.36 (m, 1H), 1.93 (s, 1H).  
13
C{
1
H} NMR (100 MHz, CDCl3) δ 171.7, 169.4. 
167.1, 117.2, 64.5, 63.5, 63.2, 63.1, 55.8, 55.5, 43.9, 43.8, 30.8, 29.4, 20.4. HRMS-EI (m/z): 
calcd for C20H25
81
Br2N2O8 [MH+], 582.99368; found, 582.99368. 
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Synthesis of (1R,5S)-3-oxabicyclo[3.2.0]heptane-2,4-dione 
 
 
 
 
 
(1R,5S)-3-oxabicyclo[3.2.0]heptane-2,4-dione was synthesized following literature procedure.
17
  
The spectroscopic data agree with those reported. 
 
 
Synthesis of (1R,2S)-bis(2-hydroxyethyl) cyclobutane-1,2-dicarboxylate 
 
 
 
 
(1R,5S)-3-oxabicyclo[3.2.0]heptane-2,4-dione (0.05 g, 0.397 mmol) was dissolved into ethylene 
glycol (.56 g, 9.0 mmol).  Two drops of concentrated H2SO4 were added and the solution was 
heated for 3 h at 75 °C.  The solution was dissolved into ethyl acetate, washed with a dilute 
sodium bicarbonate solution, and the solvent was evaporated off.  The resulting liquid was 
purified by flash chromatography (4% methanol in ethyl acetate) yielding a light brown liquid 
(.078 g, 0.336 mmol, 85% yield). 
1
H NMR (500 MHz, CDCl3) δ 4.48-4.60 (m, 2H), 4.20-4.32 
(m, 2H), 3.72-3.83 (m, 4H), 3.42-3.50 (m, 2H), 3.05-3.11 (bs, 2H), 2.30-2.42 (m, 2H), 2.15-2.27 
(m, 2H).  
13
C{
1
H} NMR (125 MHz, CDCl3) δ 174.0, 66.5, 60.8, 40.8, 22.0. HRMS-EI (m/z): 
calcd for C10H17O6 [MH+], 233.10252; found, 233.10109. 
 
 
Synthesis of (1R,2S)-bis(2-(2-bromo-2-methylpropanoyloxy)ethyl) cyclobutane-1,2-
dicarboxylate  
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(1R,2S)-bis(2-hydroxyethyl) cyclobutane-1,2-dicarboxylate (0.078 g, 0.336 mmol) was dissolved 
into 9 mL of THF and cooled to 0 °C.  Triethylamine (0.105 g, 1.04 mmol) was added and the 
solution was allowed to stir for 10 min.  2-bromo-2-methylpropanoyl bromide (0.232 g, 1.01 
mmol) was added dropwise to the cooled solution and it was allowed to warm to rt while stirring 
for 16 h.  The resulting solid salt was filtered off, the solvent was removed, and flash 
chromatography (2% methanol in methylene chloride) gave a clear liquid (0.164 g, 0.309 mmol, 
93% yield).  
1
H NMR (500 MHz, CDCl3) δ 4.25-4.40 (m, 8H), 3.37-3.43 (m, 2H), 2.32-2.40 (m, 
2H), 2.17-2.25 (m, 2H), 1.91 (s, 12H).  
13
C{
1
H} NMR (125 MHz, CDCl3) δ 173.0, 171.6, 63.7, 
62.0, 55.6, 40.4, 30.8, 22.3. HRMS-EI (m/z): calcd for C18H26
81
Br2O8 [MH+], 533.00318; found, 
533.00343. 
 
 
Synthesis of (1R,2R)-bis(2-hydroxyethyl) cyclobutane-1,2-dicarboxylate / (1S,2S)-bis(2-
hydroxyethyl) cyclobutane-1,2-dicarboxylate (mixture of isomers) 
 
 
 
 
 
A racemic mixture of (1R,2R)-cyclobutane-1,2-dicarboxylic acid and (1S,2S)-cyclobutane-1,2-
dicarboxylic acid (0.250 g, 1.73 mmol) was dissolved into ethylene glycol (2.69 g, 43.4 mmol).  
Four drops of concentrated H2SO4 were added and the solution was heated for 18 h at 75 °C.  
The solution was dissolved into ethyl acetate, washed with a dilute sodium bicarbonate solution, 
and the solvent was evaporated off.  The resulting liquid was purified via flash chromatography 
(4% methanol in ethyl acetate) yielding a light brown liquid (0.353 g, 1.52 mmol, 88% yield).  
1H NMR (500 MHz, DMSO) δ 4.80 (t, J=5.3Hz, 2H), 4.01-4.05 (m, 4H), 3.50-3.57 (m, 4H), 
3.30-3.38 (m, 2H), 2.00-2.12 (m, 4H). 
13
C{
1H} NMR (125 MHz, DMSO) δ 173.1, 66.0, 59.0, 
39.6, 21.5. HRMS-EI (m/z): calcd for C10H16O6 [M+], 232.09582; found, 232.09469. 
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Synthesis of (1R,2R)-bis(2-(2-bromo-2-methylpropanoyloxy)ethyl) cyclobutane-1,2-
dicarboxylate / (1S,2S)-bis(2-(2-bromo-2-methylpropanoyloxy)ethyl) cyclobutane-1,2-
dicarboxylate (mixture of isomers) 
 
 
 
 
   
A racemic mixture of (1S,2S)-bis(2-hydroxyethyl) cyclobutane-1,2-dicarboxylate and (1R,2R)-
bis(2-hydroxyethyl) cyclobutane-1,2-dicarboxylate (0.100 g, 0.431 mmol) was dissolved into 15 
mL of THF and cooled to 0 °C.  Triethylamine (0.135 g, 1.34 mmol) was added and the solution 
was allowed to stir for 10 min.  2-bromo-2-methylpropanoyl bromide (0.297 g, 1.29 mmol) was 
added dropwise to the cooled solution and it was allowed to warm to rt while stirring for 16 h.  
The resulting solid salt was filtered off, the solvent was removed, and flash chromatography (2% 
methanol in methylene chloride) gave a clear liquid (0.181 g, 0.341 mmol, 79% yield). 
1
H NMR 
(500 MHz, CDCl3) δ 4.30-4.40 (m, 8H), 3.40-3.43 (m, 2H), 2.15-2.20 (m, 4H), 1.91 (s, 12H). 
13
C{
1
H} NMR (125 MHz, CDCl3) δ 173.2, 171.5, 63.6, 62.1, 55.6, 40.0, 30.7, 22.0. HRMS-EI 
(m/z): calcd for C18H27Br2O8 [MH+], 529.00728; found, 529.00789. 
 
 
Synthesis of (1s,3s)-2,2,4,4-tetramethylcyclobutane-1,3-diyl diformate / (1r,3r)-2,2,4,4-
tetramethylcyclo-butane-1,3-diyl diformate (mixture of isomers) 
 
 
 
 
 
A racemic mixture of cis  and trans 2,2,4,4-tetramethylcyclobutane-1,3-diol (1.00 g, 6.93 mmol) 
was dissolved in 5 mL benzene in a oven dried scintillation vial.  Formic Acid (1.92 g, 41.6 
mmol) was added to the solution, and the reaction was stirred for 24 hours under nitrogen 
atmosphere at 70 °C.  After stirring, the reaction was removed from heat and diluted in 75 mL of 
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benzene.  It was washed with 50 mL saturated sodium bicarbonate solution.  The aqueous wash 
was extracted with 2x35 mL benzene, and the organic layers were combined, dried under 
MgSO4, and solvent was removed.  Flash chromatography (2:1 hexanes:ethyl acetate) yielded the 
mixed product (1.346 g, 6.72 mmol, 97% yield).  Upon standing, the trans derivative solidified, 
and was recrystallized in hot petroleum ether.  The cis derivative remained in a 4:1 ratio of 
cis:trans based on 
1
H NMR analysis.  (1s,3s)-2,2,4,4-tetramethylcyclobutane-1,3-diyl diformate: 
1
H NMR (500 MHz, CDCl3) δ 8.12 (s, 2H), 4.55 (s, 2H), 1.14 (s, 12H).  
13
C{
1
H} NMR (125 
MHz, CDCl3) δ  160.8, 80.6, 39.7, 22.8.   HRMS-CI (m/z): calcd for C10H17O4 [MH+], 
201.11269; found 201.01828.  (1r,3r)-2,2,4,4-tetramethylcyclo-butane-1,3-diyl diformate: 
1
H 
NMR (500 MHz, CDCl3) δ 8.10 (s, 2H), 4.41 (s,2H), 1.29 (s, 6H), 1.02 (s, 6H).  
13
C{
1
H} NMR 
(125 MHz, CDCl3) δ  160.8, 79.7, 41.2, 28.5, 17.0.   HRMS-CI (m/z): calcd for C10H17O4 
[MH+], 201.11269; found 201.11390.    
 
 
Synthesis of (1s,3s)-2,2,4,4-tetramethylcyclobutane-1,3-diol 
 
 
 
 
 
A mixture of (1s,3s)-2,2,4,4-tetramethylcyclobutane-1,3-diyl diformate / (1r,3r)-2,2,4,4-
tetramethylcyclo-butane-1,3-diyl diformate (4:1 cis:trans) (0.359 g, 1.84 mmol) was dissolved in 
5 mL of methanol and potassium methoxide (25.8 mg, 0.368 mmol) was added.  The solution 
was allowed to stir at rt for 16 h, after stirring the solution was neutralized using acetic acid and 
the solvent was removed.  Flash chromatography (1:1 hexanes:ethyl acetate) resulted in pure cis 
isomer as a white solid (0.140 g, 0.971 mmol, 53% yield).  
1H NMR (500 MHz, MeOH) δ 3.27 
(s, 2H), 1.10 (s, 6H), 1.00 (s, 6H).  
13
C{
1H} NMR (125 MHz, MeOH) δ  79.3, 43.7, 29.6, 16.0. 
HRMS-CI (m/z): calcd for C8H15O4 [M+], 143.10721; found 143.10869. 
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Synthesis of (1s,3s)-2,2,4,4-tetramethylcyclobutane-1,3-diyl bis(2-bromopropanoate) (mixture of 
isomers) 
 
 
 
 
 
(1s,3s)-2,2,4,4-tetramethylcyclobutane-1,3-diol (0.299 g, 2.08 mmol) was added to 8 mL of 
anhydrous THF in a scintillation vial.  N,N’-dicyclohexylcarbodiimide (DCC) (1.286 g, 6.23 
mmol) and 4-dimethylaminopyridine (DMAP) (0.026 g, 0.214 mmol) were added followed by 
the dropwise addition of 2-bromopropionic acid (0.952 g, 6.22 mmol).  The solution was put 
under a nitrogen atmosphere and allowed to stir at rt for 24 h.  After stirring, the resulting 
precipitate was filtered off and the solvent was removed.  Flash chromatography 
(dichloromethane) resulted in the product as a yellow oil as a mixture of diastereomers (0.830 g, 
2.00 mmol, 96%).  
1
H NMR (500 MHz, CDCl3) δ 4.41 (q, J=7.0Hz, 2H), 4.32 (s, 2H), 1.83 (d, 
J=7.0, 6H), 1.28 (t, J=6.8Hz, 6H), 1.06 (t, J=2.3Hz, 6H).  
13
C{
1
H} NMR (125 MHz, CDCl3) δ 
170.2, 81.1, 40.0, 39.9, 28.5, 22.0, 16.7. HRMS-EI (m/z): calcd for C14H17O4Br2 [MH+], 
412.99634; found 412.99637. 
 
 
Synthesis of (1r,3r)-2,2,4,4-tetramethylcyclobutane-1,3-diol 
 
 
 
 
 
(1r,3r)-2,2,4,4-tetramethylcyclo-butane-1,3-diyl diformate (0.459 g, 2.29 mmol) was dissolved 
in 5 mL of methanol and potassium methoxide (38.9 mg, 0.553 mmol) was added.  The solution 
was allowed to stir at rt for 24 h, after stirring the solution was neutralized using acetic acid and 
the solvent was removed.  Column chromatography (1:1 hexanes:ethyl acetate) resulted in pure 
trans isomer as a white solid (0.274 g, 1.90 mmol, 83% yield).  
1H NMR (500 MHz, MeOH) δ 
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3.45 (s, 2H), 1.01 (s, 12H)  
13
C{
1H} NMR (125 MHz, MeOH) δ  80.8, 41.7, 23.2.   HRMS-CI 
(m/z): calcd for C8H15O4 [M+], 143.10721; found 143.10558. 
 
 
Synthesis of (1r,3r)-2,2,4,4-tetramethylcyclobutane-1,3-diyl bis(2-bromopropanoate) (mixture of 
isomers) 
 
 
 
 
 
(1r,3r)-2,2,4,4-tetramethylcyclobutane-1,3-diol (0.078 g, 0.544 mmol) was added to 6 mL of 
anhydrous THF in a scintillation vial.  N,N’-dicyclohexylcarbodiimide (DCC) (0.359 g, 1.74 
mmol) and 4-dimethylaminopyridine (DMAP) (0.007 g, 0.054 mmol) were added followed by 
the dropwise addition of 2-bromopropionic acid (0.250 g, 1.63 mmol).  The solution was put 
under a nitrogen atmosphere and allowed to stir at rt for 24 h.  After stirring, the resulting 
precipitate was filtered off and the solvent was removed.  Flash chromatography (2% methanol/ 
dichloromethane) resulted in the product as a white solid (0.204 g, 0.49 mmol, 91%).  
1
H NMR 
(500 MHz, CDCl3) δ  4.47 (s, 2H), 4.42 (q, J=6.8Hz, 2H), 1.84 (d, J=6.8Hz, 6H), 1.64 (dd, 
J=5.8,4.0Hz, 12H). 
13
C{
1
H} NMR (125 MHz, CDCl3) δ 170.2, 82.0, 40.6, 40.0, 22.7, 21.9. 
HRMS-EI (m/z): calcd for C14H17O4Br2 [MH+], 412.99634; found 412.99529 
 
 
Synthesis of bis(2-hydroxyethyl) succinate 
 
 
 
 
 
Succinic acid (1.00 g, 8.46 mmol) was dissolved in ethylene glycol (10.5 g, 169 mmol) in a 50 
mL round-bottom flask.  Two drops of H2SO4 were added and the solution was stirred at 70 °C 
46 
 
for 15 h.  After cooling, the solution was neutralized by adding sodium bicarbonate, and the 
product was isolated by flash chromatography (4% methanol in ethyl acetate) to give a colorless 
liquid (1.4134 g, 6.85 mmol, 81%).  
1
H NMR (500 MHz, CDCl3) δ 4.24-4.26 (m, 4H), 3.82-3.84 
(m, 4H), 2.70 (s, 4H) 1.94-2.10 (s, broad, 2H).
 
 
13
C{
1
H} NMR (125 MHz, CDCl3) δ 29.4, 60.7, 
66.5, 173.0.  HRMS-EI (m/z): calcd for C8H15O6 [MH+], 207.08687; found, 207.08672. 
 
 
Synthesis of bis(2-(2-bromo-2-methylpropanoyloxy)ethyl) succinate  
 
 
 
 
 
Bis(2-hydroxyethyl) succinate (0.20 g, 0.97 mmol) was dissolved into 10 mL of anhydrous THF 
in a 25 mL round-bottom flask and cooled to 0 °C.  Triethylamine (0.304 g, 3.00 mmol) was 
added and the solution was stirred for 10 min.  2-Bromo-2-methylpropanoyl bromide (0.669 g, 
2.90 mmol) was added dropwise and the solution was allowed to warm to rt while stirring 
overnight.  The resulting solid salt was removed by filtration, the solvent was removed, and flash 
chromatography (3% methanol in methylene chloride) gave a colorless liquid (0.4084 g, 0.810 
mmol, 84%).  
1
H NMR (500 MHz, CDCl3) δ 4.32-4.38 (m, 8H), 2.65 (s, 4H), 1.92 (s, 12H). 
13
C{
1
H} NMR (125 MHz, CDCl3) δ 172.1, 171.7, 63.7, 62.2, 55.7, 30.9, 29.0. HRMS-EI (m/z): 
calcd for C16H25Br2O8 [MH+], 502.99163; found, 502.99192. 
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2.6.3 Representative Procedure for the Synthesis of Mechanophore-Linked PMA 
 
 
 
 
 
 
 
 
 
ACS grade DMSO was degassed by freeze-pump-thaw and sparged with argon for 30 min prior 
to use.  Methyl acrylate was filtered through basic alumina to remove inhibitor and sparged for 
30 minutes with argon.  Initiator-functionalized cis dicyano-substituted cyclobutane (3.73 mg, 
0.00643 mmol), Cu(0) (1.76 mg, 0.0277 mmol), and Me6TREN (7.23 mg, 0.0319 mmol) were 
weighed on a microbalance and transferred to a 10 mL Schlenk flask equipped with a Teflon stir 
bar.  Methyl acrylate (1.00 mL, 11.1 mmol) and DMSO (1 mL) were added to the Schlenk flask.  
The flask was immediately sealed and three freeze-pump-thaw cycles were applied to remove 
dissolved oxygen.  The flask was backfilled with argon and was allowed to stir in a water bath 
for 2 h at rt.  The polymerization was opened to air and 10 mL of THF was added, and the 
polymer was filtered through a pad of silica gel to remove Cu(0).  After the solvent was removed 
in vacuo, the polymer was precipitated by dropwise addition to stirring methanol.  The resulting 
polymer was collected and dried under vacuum at rt. Molecular weight and PDI were recorded 
using an analytical GPC that had been calibrated with polystyrene standards.    
 
2.6.4 Sonication Details  
 
General Procedure for Sonication Experiments 
 
The sonication apparatus was assembled as shown below (Figure 2.4).  Polymer dissolved in 
acetonitrile was transferred to an oven-dried Suslick cell, which was placed into the collar and 
attached to the probe.  An argon line and thermocouple were introduced into the cell, and argon 
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was sparged through the system for 30 min prior to sonication as well as during the experiment.  
A plastic cap was used to seal off the third arm of the Suslick cell.  The Suslick cell was cooled 
in an ice bath throughout the sonication in order to maintain a constant temperature of 6-9º C.  
Pulsed ultrasound (0.5 s on, 1.0 s off, 8.7 W/cm
2
) was then applied to the system.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4. Assembly of the Suslick cell and sonication apparatus. 
 
General Procedure for Sonication Kinetics Experiments 
 
For each experiment, mechanophore-containing polymer (7.5 mg) was weighed and dissolved 
into 10 mL of reagent grade acetonitrile.  The polymer solution was added to the Suslick cell, 
cooled, purged with argon, and then sonication was started.  Aliquots of 600 µL were removed at 
0, 10, 20, 30, 50, 70, 90, and 110 min and placed into Eppendorf tubes.  Solvent was removed by 
evaporation in air and the polymer was redissolved in 350 µL of THF.  The sample was filtered 
through a syringe filter (PTFE, 0.45µm pore size) and analyzed by GPC. 
 
General Procedure for Sonication Trapping Experiments 
 
For each experiment, polymer (7.5 mg) was dissolved into 10 mL of anhydrous acetonitrile.  9-
(methylaminomethyl) anthracene (MAMA) (0.020 g, ~1,200 eq.) was added to the dissolved 
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polymer, and the solution was transferred to an oven-dried Suslick cell.  Sonication was 
conducted for 90 min.  The sample was transferred to a scintillation vial and the solvent was 
removed via nitrogen stream.  The resulting solid was dissolved into 1 mL THF and filtered 
through a syringe filter (PTFE, 0.45 µm pore size).  500 µL of the resulting solution was injected 
onto the prep GPC.  The UV signal was monitored at 365 nm.  When the RI signal corresponding 
to the polymer appeared, the eluent from the columns was collected and a UV-vis spectrum of 
the polymer in THF was recorded 
 
Calibration Details for Sonication Experiments 
 
The ultrasonic intensity was calibrated using the method outlined by Berkowski et al.
10
  For all 
the experiments done above, the ultrasound intensity was measured to be 8.7 W/cm
2
. 
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Chapter 3 -  Structure-Mechanochemical Activity Relationships of Cyclobutanes
1
 
 
3.1  Introduction 
  
 While there has traditionally been interest in the investigation of mechanically induced 
reactions in polymers,
2-14
 the past few years have seen the development of novel mechanophores 
with a variety of functional targets including, but not limited to, damage detection through color 
change,
15-19
 self-healing applications,
20-22
 novel reactivity,
23-26
 as well as mechanically induced 
polymerizations and catalysis,
27,28
 among others.
29-32
  While computational modeling has made 
an impact on our understanding of mechanical activation,
7,18,26,33-40
 predicting the ability of 
mechanophores to undergo mechanically induced reactions, in addition to predicting relative 
chemical reactivities, has been limited.   
 Keeping this deficiency in mind, one technique extensively utilized by the 
pharmaceutical industry for the development of biologically active units is the study of 
Structure-Activity Relationships (SARs).
41
  Typically, through the utilization of a tandem 
computational modeling and biological assay approach, SARs attempt to correlate the three-
dimensional chemical structure of a molecule with its particular biological function.  This 
analysis allows for the design of more active and specific pharmaceutical molecules.  We 
considered the possibility of applying a similar approach, Structure-Mechanochemical Activity 
Relationships (SMARs), in the field of mechanochemistry, with the immediate goal being to 
probe the importance of chemical structure upon mechanochemical responses within the 
mechanophore.  Lessons learned from the systematic study of the series of mechanophores 
shown here will further increase our understanding of force-activated reactions and improve our 
capabilities in mechanophore design.  
 Herein, we decided to experimentally validate a simple computational technique, 
Constrained Geometries simulate External Force (CoGEF),
39
 for predicting mechanophore 
reactivity trends.  Experimental validation involved the synthesis of six putative cyclobutane 
mechanophores and two controls (Figure 3.1) and the sonication of a molecular weight series of 
mechanophore-linked polymers to compare their relative rates of reactivity (see Chapter 2 for 
synthesis and sonication details).  Through the experimental validation of this simple 
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computational approach, we hoped to illustrate an example of SMARs and show its potential for 
the rational development of mechanophores. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Core structures of the six mechanophores studied as well as the structures of the two 
controls. 
 
 
3.2 Constrained Geometries Simulate External Force Analysis 
 
 CoGEF is a computational method developed by Beyer that probes the effect of 
molecular stretching deformations upon fragmentation reactions.
39
  Typically, this method 
involves an initial energy minimization of the free small molecule being studied; in the case of 
the mechanophores studied herein, the methyl ester derivatives were used as the small molecule 
models.  The energy minimization is followed by artificially constraining the distance between 
two points in the structure (i.e., two atoms, in this case the methyl groups on the methyl esters 
were chosen as the artificial constraint points).  The distance between these points is then 
increased by discrete increments; the molecule undergoes energy minimization, and the relative 
energy is measured (see Figure 3.2 below for an example of molecular elongation using the cis 
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dicyano-substituted cyclobutane).  These incremental increases in molecule elongation simulate 
the effects of induced molecular-scale mechanical deformation.  Through these calculations, it is 
possible to generate a CoGEF elongation energy curve and obtain an approximation of the 
barrier towards mechanophore fragmentation (Figure 3.3).  During simulation, elongation results 
in an increase in the ground state energy of the small molecule.  Once an energy maximum has 
occurred (energy peaks in Figure 3.3), the cyclobutane small molecule fragments, and then 
relaxes to a lower energy conformation where a retro [2+2] reaction has occurred to form two 
alkenes.     
 
 
 
 
 
 
 
Figure 3.2. CoGEF elongation of a cis dicyano-substituted methyl ester.   
 
 Using the methods outlined above, it is possible to predict the relative reactivities of a 
series of mechanophores.  Although the exact relationship of the CoGEF energy to activation 
energy is unclear, one might anticipate that the two would be strongly correlated, with a higher 
CoGEF energy corresponding to a higher activation barrier.  A list of calculated CoGEF barrier 
energies can be found in Table 3.1.  These calculated reactivities ranged from a minimum of 239 
kJ/mol for the most reactive mechanophore (cis dicyano-substituted cyclobutane) to 386 kJ/mol 
for the least reactive mechanophore (trans unsubstituted cyclobutane).   
 Alternatively, the maximum amount of force imparted on the mechanophore before 
cleavage can also be used to compare relative reactivities.  Using the same data sets as those used 
to calculate the activation energies, it is also possible to measure Fmax, the amount of force 
necessary for mechanophore fragmentation to occur.  Fmax is defined as the maximum slope of 
the elongation curve associated with each of the mechanophores.  Specific Fmax values for the 
mechanophores tested herein can be found in Table 3.1.  Generally, the trends noted in Fmax 
values match those predicted by the activation energies, with larger amounts of force being 
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necessary to cleave mechanophores with higher activation energies.  For the sake of this thesis, 
the calculated activation energies will be used in comparing relative reactivities of the 
mechanophores studied. 
 
 
Table 3.1. Measured fragmentation energy maxima and calculated Fmax values for molecular 
fragmentation. 
 
 
Mechanophore Fragmentation Energy (kJ/mol) Fmax (nN) 
  Cis dicyano-substituted 239 3.30 
  Trans dicyano-substituted 266 5.03 
  Cis monocyano-substituted 269 3.67 
  Trans monocyano-substituted 275 4.72 
  Cis unsubstituted 336 4.37 
  Trans unsubstituted 386 5.90 
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Figure 3.3.  CoGEF elongation curves for (A) cis dicyano-substituted cyclobutane, (B) trans 
dicyano-substituted cyclobutane, (C) cis monocyano-substituted cyclobutane, (D) trans 
monocyano-substituted cyclobutane, (E) cis unsubstituted cyclobutane, and (F) trans 
unsubstituted cyclobutane. 
 
A B 
C D 
E F 
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 Upon completion of the CoGEF calculations, two trends in relative fragmentation 
energies immediately become obvious.  The first trend was that, for a given level of substitution, 
the cis mechanophore was more reactive than the trans mechanophore (for example, the cis 
dicyano-substituted mechanophore was more reactive than the trans dicyano-substituted 
mechanophore).  This difference in reactivity may possibly be due to steric interactions between 
pendant ester groups within the cis diester that are not present in the trans diester.  Interestingly, 
this predicted difference in reactivity is similar to that found experimentally in the case of cis and 
trans benzocyclobutene, where the cis mechanophore reacted more rapidly than the trans 
mechanophore.
25
   
 The second trend was that mechanophore reactivity increased as the level of 1,2-
substitution upon the mechanophore increased (for example, the cis dicyano-substituted 
cyclobutane mechanophore was more reactive to cleavage than the cis monocyano-substituted 
cyclobutane mechanophore, which in turn was more reactive than the cis unsubstituted 
cyclobutane mechanophore).  We speculate that this higher reactivity is a result of increased 
steric interactions upon the 1,2-cyclobutane bond leading to increased ring strain (see section 
3.3).  In addition to increased internal ring strain, this higher reactivity could also be due to 
increased stabilization of the transition states leading to diradical intermediates that are formed 
during non-concerted cyclobutane fragmentation upon mechanical deformation of the 
mechanophore.
20,22
 
 
 
3.3  Cyclobutane Bond Length Analysis 
 
 CoGEF calculations predicted that mechanophore reactivity corresponded to the level of 
cyano-substitution upon the core mechanophore.  This higher reactivity in more substituted 
cyclobutanes is thought to be a result of increased ring strain placed upon the core mechanophore 
due to steric interactions.  This theory can be supported by analyzing the average bond lengths of 
the 1,2-substituted structures, where longer bond lengths would be indicative of greater internal 
ring strain and increased susceptibility to cyclobutane cleavage.    
 To test this theory, the 1,2-cyclobutane bond lengths were measured and compared for 
the various mechanophores developed.  As previously mentioned (Chapter 2), the cis and trans 
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dicyano-substituted cyclobutanes and the cis monocyano-substituted cyclobutane are crystalline 
at room temperature and crystal structures were obtained (see experimental 1,2-cyclobutane bond 
lengths in Table 3.2).  However, the dimethyl ester derivatives of the other three mechanophores 
(trans monocyano-substituted cyclobutane and cis and trans unsubstituted cyclobutanes) were 
not crystalline at room temperature.  Crystal structures of the carboxylic acid derivatives of the 
cis and trans unsubstituted cyclobutanes were present in literature and their corresponding 1,2-
cyclobutane bond lengths could be readily obtained (Table 3.2).
42,43
  Unfortunately, no 
derivatives containing the trans monocyano-substituted cyclobutane core were found in literature 
so it was difficult to experimentally determine 1,2-cyclobutane bond lengths for this 
mechanophore through crystal structure analysis. 
 Because crystal structures of all the mechanophore cores were not obtainable, 1,2-
cyclobutane bond lengths were also calculated computationally for comparison purposes.  Bond 
lengths were calculated through a ground state minimization of the starting mechanophore 
molecule structures using DFT-B3LYP 6-31G* level of theory (Table 3.2).   
 Consistent with the theory above, the average bond lengths of the dicyano-substituted 
cyclobutanes was 1.61 Å (crystal structures and computational), whereas the average bond 
lengths of the monocyano-substituted cyclobutanes was 1.58 Å (crystal structures and 
computational).  Finally, bond lengths averaged 1.53 Å (crystal structure) and 1.55 Å 
(computational) for the cyclobutanes having no cyano substituents.   These trends in crystal 
structure bond lengths matched the trends predicted by CoGEF analysis, with the more reactive 
structures having longer internal cyclobutane bond lengths. 
 
Table 3.2. 1,2-cyclobutane bond lengths of cyclobutanes studied herein. 
 
Mechanophore 
1,2-Cyclobutane bond 
length (Å) (Crystal) 
1,2-Cyclobutane bond 
length (Å) (Computational) 
Cis Dicyano 1.611† 1.599 
Trans Dicyano 1.612† 1.622 
Cis Monocyano  1.577† 1.581 
Trans Monocyano  - 1.575 
Cis Unsubst.  1.546§ 1.563 
Trans Unsubst.  1.517§ 1.547 
† 
1,2-cyclobutane bond lengths measured from the methyl ester derivatives. 
§ 
1,2-cyclobutane bond lengths measured from the carboxylic acid derivatives.
42,43
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 A similar analysis was completed comparing the 3,4-cyclobutane bond lengths of the 
cyclobutanes studied.  Both the crystallographic and computationally determined bond lengths 
can be found in Table 3.3 below.  Interestingly, there seems to be no correlation between level of 
cyclobutane substitution and internal bond length with regards to the 3,4-cyclobutane bond 
lengths.  These results suggest that the effect of greater substitution is solely limited to the 
elongation of the 1,2-cyclobutane bond within these mechanophores, but it is still likely that this 
bond elongation results in greater internal ring strain. 
 
Table 3.3. 3,4-cyclobutane bond lengths of cyclobutanes studied herein. 
 
Mechanophore 
3,4-Cyclobutane bond 
length (Å) (Crystal) 
3,4-Cyclobutane bond 
length (Å) (Computational) 
Cis Dicyano 1.535† 1.545 
Trans Dicyano 1.549† 1.544 
Cis Monocyano  1.525† 1.548 
Trans Monocyano  - 1.548 
Cis Unsubst.  1.531§ 1.551 
Trans Unsubst.  1.553§ 1.549 
† 
1,2-cyclobutane bond lengths measured from the methyl ester derivatives. 
§ 
1,2-cyclobutane bond lengths measured from the carboxylic acid derivatives.
42,43
  
 
 
3.4 Malhotra Analysis of Polymer Sonication 
 
3.4.1 Introduction to Rate Analysis 
 
 The ability to use GPC analysis to determine polymer cleavage rates allows for the direct 
comparison of the reactivity of the mechanophores synthesized herein.  Although there are a 
variety of factors that influence polymer cleavage rates,
44-50
 if sonication conditions are carefully 
controlled, it is possible to analyze mechanophore reactivity directly.  Additionally, analysis of 
polymer cleavage kinetics is complicated by the polydispersity of the initial polymer sample as 
well as the dependence of polymer cleavage rates on the initial polymer molecular weight.
3,51
    
Despite the difficulties in direct analysis, several methods have been developed for the 
investigation of cleavage rates of polymers under sonication conditions.
52
  In general, these 
methods can be divided into two categories, those that incorporate a limiting molecular 
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weight
48,53-56
 and those that lack a limiting molecular weight component.
57-61
  Due to the 
introduction of weak links into the backbone of the polymer and changes in the limiting 
molecular weight as a result of these weak links, models that incorporated limiting molecular 
weights were avoided.  Of the models that did not incorporate limiting molecular weights, the 
Malhotra model was shown to be the most empirically accurate,
52
 and as a result, this was the 
model that was chosen for our investigation of the relative rates of cleavage for the polymer 
series developed using the cyclobutane based mechanophores.  
  
3.4.2 Polymers Synthesized 
 
 A series of center- or end-functionalized polymers of varying molecular weight was 
produced from each unique mechanophore and control initiator (Figure 3.1).  Creation of a 
molecular weight series of center-functionalized polymers containing the various mechanophores 
makes it possible to probe relative reactivities by measuring the relative rates of mechanophore 
scission in an acoustic field.  The poly(methyl acrylate) (PMA) polymers synthesized ranged 
from a minimum of 30 kDa to a maximum of 250 kDa, with eight to thirteen polymers 
synthesized for each of the particular initiators (Table 3.4).  The polymers synthesized had 
polydispersity indexes (PDIs) ranging from 1.06 to 1.30.  Typical conditions for SET-LRP were 
used for each of these polymerizations.
62,63
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Table 3.4. List of polymers synthesized with the various initiators (PDIs listed in parentheses).  
Molecular weights are reported as the measured Mn and reported in units of kDa based on size 
exclusion chromatography calibrated with polystyrene standards. 
 
Cis-dicyano 
(PDI) 
Trans-
dicyano 
(PDI) 
Cis-mono-
cyano 
(PDI) 
Trans-
mono-
cyano 
(PDI) 
Cis-unsubst 
(PDI) 
Trans-
unsubst 
(PDI) 
Center-
funct 
control 
(PDI) 
End-funct 
control 
(PDI) 
33 (1.17) 38 (1.15) 35 (1.07) 40 (1.19) 38 (1.18) 32 (1.07) 38 (1.09) 33 (1.09) 
52 (1.18) 57 (1.12) 52 (1.09) 56 (1.15) 58 (1.20) 55 (1.10) 58 (1.18) 54 (1.12) 
57 (1.09) 69 (1.19) 71 (1.11) 67 (1.16) 76 (1.12) 78 (1.14) 71 (1.09) 76 (1.11) 
83 (1.12) 73 (1.21) 78 (1.08) 75 (1.13) 95 (1.14) 80 (1.09) 96 (1.12) 83 (1.11) 
102 (1.09) 90 (1.18) 87 (1.21) 83 (1.10) 118 (1.13) 96 (1.18) 108 (1.11) 94 (1.11) 
112 (1.20) 106 (1.17) 96 (1.11) 109 (1.17) 147 (1.21) 119 (1.11) 126 (1.18) 149 (1.14) 
126 (1.23) 109 (1.22) 107 (1.06) 120 (1.10) 172 (1.20) 138 (1.08) 147 (1.14) 189 (1.11) 
149 (1.14) 136 (1.22) 122 (1.07) 152 (1.20) 190 (1.19) 163 (1.17) 177 (1.16) 238 (1.13) 
175 (1.20) 172 (1.25) 149 (1.11) 166 (1.15) 250 (1.24) 185 (1.11) 218 (1.30)   
204 (1.22) 190 (1.24) 162 (1.10) 188 (1.22)   203 (1.24)     
226 (1.24) 218 (1.21) 190 (1.18) 201(1.17)         
    214 (1.11) 245 (1.29)         
    224 (1.18)           
 
 
 
3.4.3 Malhotra Analysis of Polymers  
 
 Rates of molecular cleavage can be determined using the method pioneered by Malhotra 
and coworkers.
60,61
   Based on the assumption that (during ultrasonically induced mechanical 
cleavage) random chain scission occurs along the backbone of the polymer, Malhotra used the 
theoretically derived
64-66
 eq 3.1 to model the time-dependent change in molecular weight: 
 
 
 
  
 
 
  
     (3.1) 
where 0/' Mkk  , k is the rate constant of polymer cleavage with initial molecular weight iM , 
0M  is the molecular weight of the monomer unit (in this case, methyl acrylate), iM is the initial 
number average molecular weight (Mn) of the polymer, and tM  is the number average molecular 
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weight of the sonicated polymer at time t.  Although the above model assumes random scission 
along the polymer backbone, it has been shown to also be applicable to systems where center-
selective scission is taking place.
60,61
 
 Each of the polymers in Table 3.4 was exposed to ultrasonic irradiation following the 
procedure outlined in Chapter 2, and every sonication experiment was done in duplicate to 
ensure reproducibility.  After sonication, each of the aliquots collected was analyzed by 
analytical GPC and the change in molecular weight distribution as a function of ultrasonic 
irradiation time was evaluated (see example changes in GPC distribution for a trans dicyano-
substituted cyclobutane polymer in Figure 3.4).  From these GPC plots the change in number 
average molecular weight (Mn) could be calculated and plotted as a function of ultrasonic 
irradiation time, resulting in an asymptotic decay profile (see Figure 3.5A data points). 
 
 
 
Figure 3.4. GPC traces depicting the effect of ultrasonic irradiation on a 90 kDa trans dicyano-
substituted cyclobutane mechanophore containing polymer (the inset colors code the samples 
according to irradiation time).  A 0.75 mg/mL polymer solution (acetonitrile) was subject to 
ultrasound at 20 kHz (0.5 seconds on, 1.0 seconds off; irradiation time refers to total time both 
off and on), 8.7 W/cm
2
 and 6-9 ºC under argon. 
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Figure 3.5. Experimental and modeled data for a 90 kDa trans dicyano-substituted cyclobutane 
mechanophore containing polymer.  (A) Experimentally obtained number average molecular 
weight (Mt) with respect to time of sonication (data points) and best fit (solid curve) to the 
Malhotra model.  (B) Plot of 
 
  
 
 
  
 vs. ultrasound irradiation time (data points) and the least 
squares best fit line from which the rate of polymer cleavage (k) is calculated (solid line). 
 
 
 Using eq 3.1 above, it is possible to calculate the specific rate of polymer cleavage (k) for 
a polymer of known starting molecular weight.  This calculation is done by readjusting eq 3.1 to 
give eq 3.2 below 
 
 
 
  
 
 
  
     (3.2) 
 
 where the plot of 
 
  
 
 
  
 vs. ultrasound irradiation time (t) should allow for the least squares 
fitting of the data to calculate k’ and k (Figure 3.5B, data points and solid line).  As shown in 
Figure 3.4A, the fitted decay profile (solid curve) using this calculated rate value (k) is in good 
agreement with the experimental data (points).  Using the method outlined above, a rate constant 
was calculated for all of the polymers found in Table 3.4.  A summary of the rate constants 
calculated can be found in Table 3.5 below. 
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Table 3.5.  Calculated rate constants for all of the polymers synthesized containing the various 
mechanophores and controls (molecule weights are listed as kDa, and rates are listed in 
parenthesis following the initial molecular weights). 
 
Cis-
dicyano 
(min-
1*105) 
Trans-
dicyano 
(min
-1
*10
5
) 
Cis-mono-
cyano 
(min
-1
*10
5
) 
Trans-
mono-
cyano 
(min
-1
*10
5
) 
Cis-
unsubst 
(min
-1
*10
5
) 
Trans-
unsubst 
(min
-1
*10
5
) 
Center-
funct 
control 
(min
-1
*10
5
) 
End-funct 
control 
(min
-1
*10
5
) 
33 (1.5) 38 (0.3) 35 (0.0) 40 (0.4) 38 (0.3) 32 (0.1) 38 (0.3) 33 (0.0) 
52 (3.0) 57 (2.5) 52 (1.7) 56 (1.8) 58 (2.9) 55 (1.7) 58 (1.6) 54 (1.7) 
57 (3.8) 69 (3.7) 71 (3.8) 67 (3.1) 76 (4.5) 78 (3.5) 71 (2.7) 76 (3.0) 
83 (5.8) 73 (4.1) 78 (4.8) 75 (4.0) 95 (5.6) 80 (3.9) 96 (4.7) 83 (4.5) 
102 (6.5) 90 (5.5) 87 (5.2) 83 (4.6) 118 (7.2) 96 (4.3) 108 (4.9) 94 (6.1) 
112 (7.2) 106 (5.9) 96 (5.7) 109 (5.9) 147 (8.5) 119 (6.0) 126 (6.2) 149 (9.2) 
126 (7.2) 109 (6.6) 107 (6.3) 120 (6.3) 172 (9.5) 138 (6.9) 147 (7.4) 189 (10.0) 
149 (8.4) 136 (7.1) 122 (7.1) 152 (8.0) 190 (9.7) 163 (8.7) 177 (8.2) 238 (11.6) 
175 (9.0) 172 (9.3) 149 (8.8) 166 (9.0) 250 (10.4) 185 (9.1.) 218 (9.4)   
204 (9.6) 190 (10.0) 162 (8.4) 188 (9.7)   203 (9.7)     
226 (10.2) 218 (9.8) 190 (9.5) 201(9.4)         
    214 (10.0) 245 (10.9)         
    224 (10.7)           
  
 
 
3.4.4 High Molecular Weight Considerations  
 
 It is well known that there is a molecular weight dependence in the rate of polymer 
cleavage induced by sonication, with longer polymer chains resulting in faster rates of cleavage.  
Typically, it is thought that there is a linear relationship between molecular weight and cleavage 
rate.
3
  Upon plotting the rate data found in Table 3.5 above (Figure 3.6) it was noted that, 
although the relationship between molecular weight and cleavage rates appears to be linear over 
the lower molecular weight domains, at higher molecular weights the relationship becomes non-
linear (i.e., it appears to level off in the higher molecular weight domain). 
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Figure 3.6. Experimentally-determined rate constants of polymer cleavage as a function of initial 
polymer molecular weight.   
 
 
 This apparent nonlinearity in Figure 3.6 is due to underestimation of the reactivity rates 
in the higher molecular weight domain by the Malhotra model (i.e., the true rate is higher than 
that calculated via eq (3.1) above).  Analysis of a high molecular weight polymer reveals that the 
plot of  
 
  
 
 
  
 vs. ultrasound irradiation time (Figure 3.7A) is no longer linear (it levels off at 
higher molecular weights), leading to a best-fit line that no longer accurately models the 
experimental data (Figure 3.7B).  We speculate that this nonlinearity associated with high 
molecular weight polymers is due to the simplicity of the Malhotra model and its inability to 
account for secondary cleavage events that occur in higher molecular weight polymers during 
sonication.  Due to these inaccuracies of the Malhotra model in the high molecular weight 
domain, all of the following rate comparisons and conclusions on relative rates of reactivity were 
made using the lower molecular weight domain (0-125 kDa) polymers.   
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Figure 3.7.  Experimental and modeled data for a 226 kDa cis dicyano-substituted cyclobutane 
mechanophore containing polymer.  (A) Plot of 
 
  
 
 
  
 vs. ultrasound irradiation time (data 
points) and the least squares best fit line from which the rate of polymer cleavage (k) is 
calculated (solid line).  (B) Experimentally obtained number average molecular weight (Mt) with 
respect to time of sonication (data points) and best fit (solid curve) to the Malhotra model.   
 
 
3.4.5 Reproducibility 
 
 In general, the rate data collected as a result of polymer sonication and the analysis 
completed utilizing the Malhotra model was reproducible.  With regard to the experiments 
described above, each sonication experiment was carried out in duplicate to test for 
reproducibility.  After analysis, it was found that the average standard deviation for the measured 
rate values was less than 10%.  As a result, although there is some error associated with the use 
of sonication to measure rate values (as evidenced by the error bars in Figure 3.6), this error 
should not be large enough to significantly impact the comparisons being made between 
polymers in this chapter. 
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3.5 Polymer Cleavage Rate Comparisons 
 
3.5.1 Mechanophore Effects on Slope and Threshold 
 
 The differences in mechanophore cleavage rates are best seen in plots of k vs Mi.  One 
would expect these differences to be evident in one of two ways, either through changes in slope 
or through changes in threshold molecular weight (i.e., x-axis intercept, or elevation).  It was 
found that the rate of change due to molecular weight differences (the slopes of the plots) was 
not statistically different for any of the polymer series studied (see section 3.6 for statistical 
analysis).  On the other hand, it was found that many of the perceived differences in threshold 
molecular weights were in fact statistically significant.   
 
3.5.2 Cis vs. Trans Comparisons 
 
 One of the properties we were interested in investigating was the effect of mechanophore 
stereochemistry on the relative reactivity rates of the cyclobutanes studied herein.  CoGEF 
calculations had previously predicted that the cis cyclobutanes would be more reactive than the 
trans cyclobutanes for a given level of substitution.   In comparing the cis dicyano-substituted 
cyclobutane to the trans dicyano-substituted mechanophore (Figure 3.8A), there was a 
statistically significant threshold molecular weight difference, with the cis derivative being more 
reactive (i.e., smaller x-axis intercept).  This difference means that, for a given starting polymer 
molecular weight, a polymer containing the cis mechanophore cleaves faster than a polymer 
containing the trans mechanophore, and, consequently the cis mechanophore is more 
mechanochemically active.  Comparing the cis and trans monocyano-substituted 
mechanophores, the cis derivative again appears, by visual inspection, to be more reactive; 
however, the difference in the intercepts was not statistically significant (Figure 3.8B).  On the 
other hand, the cis unsubstituted cyclobutane mechanophore, using the same statistical criterion 
as above, was more reactive than the trans unsubstituted cyclobutane mechanophore (Figure 
3.8C).  In each of these cases, the perceived reactivity trends matched those predicted by the 
CoGEF calculations. 
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Figure 3.8. Experimentally-determined rate constants of polymer cleavage as a function of initial 
polymer molecular weight.  (A) Cleavage of cis dicyano-substituted (red) and trans dicyano-
substituted (blue) polymers.   (B) Cleavage of cis monocyano-substituted (red) and trans 
monocyano-substituted (blue) polymers.  (C) Cleavage of cis unsubstituted (red) and trans 
unsubstituted (blue) polymers. 
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3.5.3 Level of Substitution Comparisons 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9.  Experimentally-determined rate constants of polymer cleavage as a function of 
initial polymer molecular weight.  (A) Cleavage of trans dicyano-substituted (red), trans 
monocyano-substituted (blue), and trans unsubstituted (orange) polymers.   (B) Cleavage of cis 
dicyano-substituted (red), cis monocyano-substituted (blue), and cis unsubstituted (orange) 
polymers.   
 
 
 The second relationship we were interested in investigating with respect to these 
cyclobutanes was the effect of the level of mechanophore substitution on their relative reactivity.  
CoGEF calculations predicted that the more highly substituted mechanophores would cleave 
more readily than the less substituted derivatives.  This behavior is presumably due to a 
combination of increased internal ring strain and electronic effects upon the core mechanophore.  
After analysis of the trans series of mechanophores, we found that this trend in reactivity was 
indeed the case (Figure 3.9A).  By comparison of the threshold molecular weight values, the 
trans dicyano-substituted mechanophore was the most reactive, followed by the trans 
monocyano-substituted mechanophore, and finally, the trans unsubstituted mechanophore was 
the least reactive.  Upon analyzing the cis series (Figure 3.9B), the trend is less clear.  The cis 
dicyano-substituted mechanophore is the most reactive of all the mechanophores studied; 
however, threshold values for the cis monocyano-substituted mechanophore and the cis 
unsubstituted mechanophore are statistically indistinguishable from each other.  Nonetheless, the 
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general reactivity trends concerning degree of substitution predicted by CoGEF calculations are 
generally validated by the rate data collected. 
 
3.5.4  Comparison to Control Polymers 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10.  Experimentally-determined rate constants of polymer cleavage as a function of 
initial polymer molecular weight.  Shown are the cleavage rate constants of the trans 
unsubstituted (orange), center-functionalized control (blue), and end functionalized control (red). 
 
 
 During the course of this investigation, a series of control polymers was also synthesized 
in order to verify that the mechanophore containing polymers were indeed more reactive than 
polymers without a cyclobutane ring in the center (the center-functionalized control) as well as a 
simple PMA homopolymer control (end-functionalized control).  Based on a statistical 
comparison of the threshold values of these control polymers to the active mechanophores, it was 
found that all of the cyclobutane mechanophores studied herein were more reactive than the 
control polymers, with the exception of the trans unsubstituted cyclobutane.  As the least 
reactive of the mechanophores studied herein, the trans unsubstituted cyclobutane derivative had 
a cleavage threshold that was statistically indistinguishable from that of both control polymers 
(Figure 3.10).   
 It is plausible that the chain-centered trans unsubstituted cyclobutane mechanophores are 
not being selectively cleaved at the cyclobutane moiety during sonication studies.  This lack of 
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selectivity is likely a result of the decreased internal ring strain present in the trans unsubstituted 
cyclobutane mechanophore in comparison to the other cyclobutanes.  General and unselective 
chain scission of the polymer backbone is expected to be occuring in addition to cleavage of the 
mechanophore in this case. 
 
3.5.5 Comparison of Cleavage Thresholds and CoGEF Values 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11.  Comparison of fragmentation energies (measured by CoGEF, see Section 3.2) and 
experimentally determined cleavage threshold intercepts. 
 
 The direct relationship between the calculated CoGEF energy (Section 3.2) and the 
activation energy of a mechanophore is unclear, however, one might expect the two to be 
strongly correlated.  Concurrently, one would expect that a lower activation energy for a 
particular mechanophore would correspond to higher cleavage rates during pulsed ultrasound 
experiments.  A comparison of fragmentation energy vs. cleavage threshold (Figure 3.11 above) 
shows that this relationship is present in the mechanophores studied herein.  Although there is 
not a strong linear relationship between the two data sets, there does seem to be a correlation 
between the calculated CoGEF values and the measured cleavage thresholds. 
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3.6 Statistical Analysis of Cleavage 
 
3.6.1 Introduction 
 
 Visual inspection of the data collected through kinetic analyses (see Section 3.5 above) 
showed apparent differences in reactivity between the putative mechanophores studied herein.  
In order to attempt to quantify those differences in a statistical manner, a series of t tests were 
performed using the method of Zar.
67
  Specific examples of the statistical methods utilized in 
performing these t tests can be found in Section 3.7.  The first of these t tests utilized a pairwise 
comparison of the data slopes, and it was found that, in every single comparison, there were no 
statistical differences in slope.  The second set of t tests, looking for differences in intercept (or 
elevation) found that, for several of the comparisons being made, there were statistically 
significant differences between intercepts. 
 
3.6.2  t Test for Comparison of Slopes 
 
 Using the method outlined in Section 3.8.1, a pairwise t test was performed using the 
experimentally obtained kinetic analysis data.  In each case, the null (H0) hypothesis was that the 
slopes are statistically indistinguishable, whereas the alternative (Ha) hypothesis was that the 
slopes are statistically different.  A summary of the calculated t values can be found below in 
Table 3.6. 
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Table 3.6. Pairwise comparison of slopes based on calculated t values and minimum t values 
necessary for statistical significance.  Calculated t values are listed with minimum t values below 
in parentheses.  None of these comparisons gave slopes that are statistically different at the 95% 
confidence level.   
 
 
 Mechanophore 1 
M
e
ch
an
o
p
h
o
re
 2
 
  
   Cis 
Dicyano 
Trans 
Dicyano 
Cis 
Mono-
cyano 
Trans 
Mono-
cyano 
Cis 
Unsubst 
Trans 
Unsubst 
Center 
Funct. 
Control 
End 
Funct. 
Control 
   Cis 
Dicyano 
- - - - - - - - 
Trans 
Dicyano 
1.22 
(2.26) 
- - - - - - - 
Cis 
Mono-
cyano 
1.35 
(2.23) 
0.12 
(2.20) 
- - - - - - 
Trans 
Mono-
cyano 
0.25 
(2.26) 
0.89 
(2.23) 
1.04 
(2.20) 
- - - - - 
Cis 
Unsubst 
1.62 
(2.37) 
0.38 
(2.31) 
0.27 
(2.26) 
1.24 
(2.31) 
- - - - 
Trans 
Unsubst 
0.59 
(2.31) 
1.83 
(2.26) 
1.91 
(2.23) 
0.77 
(2.26) 
2.33 
(2.37) 
- - - 
Center 
Funct. 
Control 
0.13 
(2.37) 
1.27 
(2.31) 
1.34 
(2.26) 
0.35 
(2.31) 
1.67 
(2.45) 
0.46 
(2.37) 
- - 
End 
Funct. 
Control 
0.80 
(2.31) 
0.74 
(2.26) 
0.84 
(2.23) 
0.36 
(2.26) 
1.27 
(2.37) 
1.89 
(2.31) 
1.10 
(2.37) 
- 
 
 
 
 Upon analysis, it was noted that there was no statistically significant differences between 
the slopes in any of the comparisons between mechanophores or controls; in every case studied 
the calculated t value was less than that needed to accept the alternative hypothesis (i.e., that the 
slopes are different).  From this series of tests, we can conclude that the inclusion of different 
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mechanophores or control initiators into the backbone of the polymer does not have any affect 
upon the slope of the rate plot generated, and the increase in slope for each of the particular 
mechanophores should be equivalent.   
 Because these slopes have been shown to be statistically indistinguishable in every case, 
it is implicitly assumed during further t tests that they can be pooled to find a single, common 
slope (in fact, this assumption is necessary to test for differences in elevation).
67
 Notably, all 
linear regression plots shown previously utilized this common, pooled slope for plotting 
purposes.  
 
3.6.3  t Test for Comparison of Elevation 
 
 Having been able to show that minor differences seen in slope between the various 
mechanophores and control are not statistically significant, we next wanted to probe whether 
differences in elevation (and corresponding differences within cleavage thresholds) were 
significant.  Again, as before, this analysis was done utilizing the methods outlined by Zar.
67
  To 
do this analysis, a second t test was performed.  In this case, the null (H0) hypothesis was that the 
two regression lines have the same elevation, whereas the alternative hypothesis (Ha) was that 
the regression lines do not have the same elevations (i.e., they are statistically different from each 
other).  A summary of the calculated t values comparing each of the particular mechanophores 
and controls can be found below.  These t values were calculated using the method outlined in 
Section 3.8.2. 
 Upon analysis, it was evident that, in many cases, there were statistically significant 
differences between the various mechanophores (i.e., in many of the pairwise comparisons, the 
null hypothesis was rejected in favor of the alternative hypothesis).  In addition, it was found 
that, in all cases, the mechanophores were more reactive than the controls, with the exception of 
the trans unsubstituted cyclobutane mechanophore.   
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Table 3.7. Pairwise comparison of calculated t values to t values necessary for statistical 
significance (pairs that are statistically significant are highlighted in gray).  Calculated t values 
are the first value listed, minimum t values are in parenthesis below.   
 
 
 
 Mechanophore 1 
M
e
ch
an
o
p
h
o
re
 2
 
  
   Cis 
Dicyano 
Trans 
Dicyano 
Cis 
Mono-
cyano 
Trans 
Mono-
cyano 
Cis 
Unsubst 
Trans 
Unsubst 
Center 
Funct. 
Control 
End 
Funct. 
Control 
   Cis 
Dicyano 
- - - - - - - - 
Trans 
Dicyano 
3.86 
(2.23) 
- - - - - - - 
Cis 
Mono-
cyano 
3.76 
(2.20) 
0.25 
(2.18) 
- - - - - - 
Trans 
Mono-
cyano 
5.98 
(2.26) 
1.90 
(2.20) 
1.65 
(2.18) 
- - - -  
Cis 
Unsubst 
3.33 
(2.31) 
0.03 
(2.26) 
0.22 
(2.23) 
1.60 
(2.26) 
- - - - 
Trans 
Unsubst 
9.63 
(2.26) 
3.53 
(2.23) 
3.08 
(2.26) 
1.77 
(2.23) 
2.92 
(2.31) 
- - - 
Center 
Funct. 
Control 
10.13 
(2.31) 
4.32 
(2.26) 
3.74 
(2.23) 
2.65 
(2.26) 
3.65 
(2.37) 
1.56 
(2.31) 
- - 
End 
Funct. 
Control 
10.25 
(2.26) 
4.04 
(2.23) 
3.35 
(2.20) 
1.68 
(2.23) 
3.56 
(2.31) 
0.23 
(2.31) 
1.87 
(2.31) 
- 
  
 
3.7  Summary 
 
 The systematic study of the molecular weight series of mechanophore polymers 
presented herein was used to experimentally validate CoGEF as a computational tool for probing 
the effects of structure on mechanochemical reactivity.  Both the stereochemical and structural 
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reactivity trends predicted through CoGEF were compared to the behavior of a series of 
mechanophore containing polymers that fragment under ultrasonic irradiation, and many of the 
experimentally determined trends matched those predicted computationally.  Interestingly, plots 
of cleavage rate constant vs initial molecular weight gave threshold cleavage points that differed 
statistically for many of the polymers even though each macromolecule contained only a single 
mechanophore.  
 
3.8 Detailed Procedures 
 
3.8.1 Statistical Analysis for Comparison of Two Slopes  
 
 A pairwise comparison between each mechanophore and control was performed to test 
for statistical differences in slope.  Example calculations for the comparison of the cis and trans 
dicyano-substituted mechanophores are as follows (all other comparisons were done in a similar 
manner using Microsoft Excel for data analysis). 
 For this particular t test, the null (H0) hypothesis is that the slopes are statistically 
indistinguishable.  The alternative (Ha) hypothesis is that the slopes are statistically different 
from each other. 
 
3.8.1.1 Analysis of the Cis Dicyano-Substituted Data Set 
 
Table 3.8 below shows the experimental rate data for the cis dicyano-substituted cyclobutane 
mechanophore.  The rates contained in the table were an average of two sonication runs. 
 
Table 3.8.  Experimental rate data for the cis dicyano-substituted cyclobutane mechanophore. 
 
MW (kDa) Rate (min-1*105) 
33 1.5 
52 3.0 
57 3.8 
83 5.9 
102 6.5 
112 7.2 
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From this data, the average X value (molecular weight) can be calculated using eq 3.3: 
 
   ∑
  
 
 (3.3) 
 
and the average Y value (rate) can be calculated using eq 3.4: 
 
   ∑
  
 
 (3.4) 
 
where n = 6 due to there being six data points recorded in the cis dicyano-substituted cyclobutane 
series of polymers.  Using the above data set (Table 3.7),   is equal to 73 kDa and   is equal to 
4.7 min
-1
*10
5
.  Using these averages, it is possible to calculate the slope (b) for the regression 
line using eq 3.5: 
 
   
∑[(    )  (    )]
∑(    )
  (3.5) 
 
Using the numbers in Table 3.9 below, the slope value for the cis dicyano-substituted 
cyclobutane series was calculated to be        
         
   
. 
 
Table 3.9.  Summary of values calculated for the cis dicyano-substituted cyclobutane 
mechanophore. 
 
MW (kDa) Rate (min
-1
*10
5
) 
2)( XX i   )()( YYXX ii   
2)( YYi   
33 1.5 1605 125 10 
52 3.0 448 35 3 
57 3.8 266 14 1 
83 5.9 97 12 1 
102 6.5 843 53 3 
112 7.2 1493 99 7 
SUM OF COLUMN 4753 338 25 
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Next, the residual sum of squares (SS) for the cis dicyano-substituted cyclobutane mechanophore 
can be calculated using eq 3.6: 
    ∑(    )
 
 
〈∑[(    )  (    )]〉
 
∑(    )
  (3.6) 
 
which, in the case of the cis dicyano-substituted cyclobutane mechanophore, SS=0.53.  
Additionally, the residual degrees of freedom for the system can be calculated using eq 3.7 
below: 
 
                (3.7) 
 
which in the case of the cis dicyano-substituted cyclobutane mechanophore is 4. 
 
 
3.8.1.2 Analysis of the Trans Dicyano-substituted Data Set 
 
Similar calculations were completed for the trans dicyano-substituted cyclobutane 
mechanophore.  Calculated values obtained are as follows: 
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Table 3.10.  Summary of values calculated for the trans dicyano-substituted cyclobutane 
mechanophore. 
 
MW (kDa) Rate (min
-1
*10
5
) 
2)( XX i   )()( YYXX ii   
2)( YYi   
38 0.3 1589 151 14 
57 2.5 425 33 3 
68 3.7 77 3 0 
73 4.1 18 0 0 
90 5.5 166 18 2 
106 5.9 823 52 3 
109 6.6 1019 80 6 
SUM OF COLUMN 4117 337 28 
 
 
3.8.1.3 Direct Statistical Comparison of Slopes 
 
Using the data and values calculated above, it is possible to directly probe for statistical 
significance in the difference in slope between the two data sets.  In order to do this analysis, it is 
necessary to first calculate the pooled residual mean square using eq 3.8: 
 
 (    
 )  
             
             
 (3.8) 
 
Using the values above for both the cis and trans dicyano-substituted cyclobutane 
mechanophores, a pooled residual mean square value of 0.165 was obtained.  From here, it was 
possible to calculate the standard error of the difference between regression coefficients using eq 
3.9:  
 
        √
(    
 ) 
[∑(    )
 
]
   
 
(    
 ) 
[∑(    )
 
]
     
 (3.9) 
 
Using the pooled residual mean square value found above and summation values from Tables 3.9 
and 3.10, the standard error was 0.0087 for the comparison of the cis and trans dicyano-
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substituted mechanophores studied herein.  Finally, we are able to calculate the accompanying t 
value for this system in order to test our null hypothesis.  This can be done using eq 3.10: 
 
   |
           
      
| (3.10) 
 
For the cis and trans dicyano-substituted cyclobutanes studied herein, the t value obtained was t 
= 1.22.  In order to compare this value to the critical t value to look for statistical significance 
(and determine whether to reject the null hypothesis), the sum of the residual degrees of freedom 
must be determined using eq 3.11: 
 
                 (3.11) 
 
where, in this particular case, v = 9.  We can reject the null hypothesis if | |    ( )  .  Consulting 
a table of t values, we find that the critical t value to show statistical significance with 95% 
confidence using a two tail test and a v value of nine is 2.26.  Because the experimentally 
determined t value (1.22) is not greater than the minimum t value (2.26) we cannot reject the null 
hypothesis, and therefore we conclude that the two slopes are not statistically different from each 
other. 
 
3.8.2 Statistical Analysis for Comparison of Two Elevations 
 
 Having shown there was not statistical differences in slope, a pairwise comparison 
between each mechanophore and control was done to test for statistical differences in elevation.  
Example calculations for the comparison of the cis and trans dicyano-substituted mechanophores 
can be found below (all other comparisons were done in a similar manner using Microsoft Excel 
for data analysis). 
 For this particular t test, the null (H0) hypothesis is that the elevations are statistically 
indistinguishable.  The alternative (Ha) hypothesis is that the elevations are statistically different 
from each other. 
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3.8.2.1 Calculations for the Comparison of Elevations 
 
In order to perform a t test comparing the two sets of data, it was necessary to calculate the 
following values.  The sum of squares for X (molecular weight) for common regression can be 
calculated by eq 3.12: 
 
    ∑(    )   
 
 ∑(    )     
 
 (3.12) 
 
where ∑(    )
 
 for both the cis and trans dicyano-substituted cyclobutane mechanophores 
can be found in Tables 3.9 and 3.10, respectively.  In the case of these mechanophores,    
        Similarly, the sum of the crossproducts for common regression can be calculated using 
eq 3.13: 
 
    ∑[(    )  (    )]    ∑[(    )  (    )]      (3.13) 
 
where  ∑[(    )  (    )]  for both of the cis and trans dicyano-substituted cyclobutane 
mechanophores can again be found in Tables 3.8 and 3.9, respectively.  For the mechanophores 
chosen here,           Finally, the sum of squares of Y (rate) for common regression can be 
calculated using eq 3.14: 
 
    ∑(    )   
 
 ∑(    )     
 
 (3.14) 
 
where ∑(    )
 
 for both the cis and trans dicyano-substituted cyclobutane mechanophores can 
be found in Tables 3.9 and 3.10, respectively.  In the case of these mechanophores,         
The common slope for the two data sets can be calculated using eq 3.15: 
 
    
  
  
 (3.15) 
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which in this case leads to a common slope for the cis and trans dicyano-substituted cyclobutane 
mechanophores of       
         
   
.  Additionally, the residual sum of squares (SS) for common 
regression can be calculated using eq 3.16: 
 
        
  
 
  
 (3.16) 
 
yielding a value of 1.73 in the case presented herein.  The residual degree of freedom (DF) for 
common regression can be calculated using eq 3.17: 
 
                   (3.17) 
 
which in this case gives          This result allows us to calculate a residual mean square for 
common regression using eq 3.18: 
 
 (    
 )  
   
   
 (3.18) 
 
which is equal to 0.173 in the case presented here.  Finally, using all the above values and 
equations, it is possible to calculate a t value for the pairwise comparison of elevations using eq 
3.19: 
 
 
  
(           )     (           )
√(    
 )  [
 
    
 
 
      
 
(           )
 
  
]
 
(3.19) 
 
3.8.2.2 Direct Statistical Comparison of Elevations 
 
For the cis and trans dicyano-substituted mechanophore comparison, a t value of 3.86 was 
obtained using the method outlined above.  Similar to the slope comparison t test, we can reject 
the null hypothesis if | |    ( )  .  Upon consulting a table of t values, and finding the critical t 
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values for a        and a two tail test at a 95% confidence interval, we see the minimum t 
value to show statistical significance is 2.23.  Because the calculated t value (3.86) is greater than 
the minimum t value (2.23), we reject the null hypothesis and can conclude that the elevation 
differences between the two rate profiles are indeed statistically significant when comparing the 
cis and trans dicyano-substituted cyclobutane mechanophores. 
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Chapter 4 – Detailed Analysis of Cis Dicyano-Substituted Cyclobutane Mechanophores1 
 
4.1 Introduction 
 
 A systematic study of a series of cyclobutane mechanophores had shown differences in 
rate of cleavage during sonication studies (Chapter 3).  Although these studies showed general 
reactivity trends that were computationally supported, they did not investigate the products 
formed during mechanophore activation.  As a result, a more detailed investigation of a single 
cyclobutane mechanophore contained in the cyclobutane series studied previously was 
undertaken.  In doing this analysis, we decided to directly probe not only the selectivity of 
cleavage during ultrasonic irradiation but also we wanted to investigate the products that are 
formed.  The cis dicyano-substituted cyclobutane mechanophore was the ideal candidate for this 
detailed analysis for a variety of reasons.  Of the mechanophores studied previously, this 
particular mechanophore was the most obvious choice because it had been shown through both 
computational and experimental analysis to be the most reactive of the mechanophores studied.  
It was also predicted that the product of mechanophore cleavage would be cyanoacrylate 
functionalized polymers, which would be easier to detect through trapping experiments than the 
simple acrylates or mixture of acrylates/cyanoacrylates that would be generated during cleavage 
of the unsubstituted and monocyano-substituted mechanophore, respectively.   
 The cis dicyano-substituted cyclobutane mechanophore was also chosen for detailed 
analysis because of its potential applications in polymer self-healing.  Although many other 
mechanophores have been identified and studied through both sonication studies
2-10
 and 
mechanical analysis of solid polymers,
11-16
 few examples have produced reactive species that 
could be utilized for polymer crosslinking and self-healing.
17,18
  Ultimately, since cyanoacrylates 
are known to readily undergo addition reactions through reaction of a nucleophile with the 
alkene bond under mildly basic conditions,
19
 this mechanophore could be incorporated into solid 
polymers that could then selectively react and autonomically repair themselves upon application 
of mechanical force.  However, before analyzing this mechanophore in the solid state it was first 
necessary to confirm that the cyclobutane selectively cleaved to form reactive cyanoacrylates.  
Although later solid-state testing of isocyanate polymers containing the dicyano-substituted 
cyclobutane mechanophore ultimately did not result in polymers that underwent self-healing in 
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the solid state,
20
 we were able to show, through  a series of sonication, trapping, and modeling 
experiments, that the fragmentation of cis dicyano-substituted cyclobutane mechanophores 
during ultrasonic irradiation ultimately results in the formation of reactive cyanoacrylates.    
 
4.2 Computational Analysis  
 
4.2.1 Introduction to Computational Methods  
 
 Detailed modeling of the effects of molecular level forces on the cis dicyano-substituted 
cyclobutane mechanophore was performed in collaboration with Mitch Ong in the Martinez 
group at Stanford University.  Although initial CoGEF
21
 calculations (see section 3.2) had 
predicted formation of reactive acrylates upon mechanophore fragmentation due to a retro [2+2] 
reaction, more detailed analysis of mechanophore reactivity and fragmentation pathways was 
undertaken. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Structures of the cis dicyano-substituted cyclobutane mechanophore and control. 
   
In order to model the effects of a mechanical force on both the cis dicyano-substituted 
cyclobutane mechanophore as well as the center-functionalized control (Figure 4.1), ab initio 
steered molecular dynamics (AI-SMD) methods developed by Martinez and co-workers were 
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utilized.
22
  Unlike CoGEF calculations, which hold two atoms at fixed distances and draw them 
apart in a stepwise manner using an infinitely strong force, in this method, the two atom are 
pulled toward fixed points using a finite, controlled amount of force.  The potential energy 
surface and forces on the atoms are calculated “on the fly” by solving the electronic Schrödinger 
equation, which allows for arbitrary bond rearrangements.  Multiple runs (twenty samples for 
each small molecule) with different starting conditions of position and momentum were utilized 
to obtain a statistical distribution of what happens over the time period investigated. 
 
4.2.2 AI-SMD of the Cis Dicyano-Substituted Cyclobutane Mechanophore 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2.  AI-SMD simulations of cis dicyano-substituted cyclobutane mechanophores using a 
force of three nanonewtons. (A) Snapshots along one trajectory for cis dicyano-substituted 
mechanophore showing selective cleavage (t = 0, 200, and 286 femtoseconds, top to bottom). (B) 
Average bond lengths of twenty trajectories as a function of time for cis dicyano-substituted 
cyclobutane as a function of time, indicating sequential bond rupture of r1 and r2. 
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 Computational modeling of the cis dicyano-substituted cyclobutane mechanophore was 
performed using the same small-molecule methyl ester derivative as the CoGEF studies.  A 
fixed-pulling scheme in which a constant pulling force on the two methyl ester carbons was 
imposed, pulling them toward two opposing fixed points under a constant-magnitude force.  The 
twenty simulations were performed for one picosecond or until cleavage of the mechanophore 
occurred.  The calculations predicted rapid cleavage of the mechanophore, where selective 
cleavage yielded two cyanoacrylate molecules (Figure 4.2A).  Out of the twenty trajectories 
sampled, all resulted in cleavage of the ring using a constant pulling force of 3 nN.  Sequential 
bond rupture in the cyclobutane occurred wherein the highly substituted 1,2-cyclobutane bond 
within the ring (r1 in Figure 4.2) was cleaved first, followed by cleavage of the second 
cyclobutane carbon-carbon bond (r2 in Figure 4.2).   
 
 
4.2.3 AI-SMD of the Center-Functionalized Control  
 
 Similarly to the cis dicyano-substituted cyclobutane mechanophore, AI-SMD 
computational modeling of the center-functionalized control was performed using the small-
molecule methyl ester derivative.  Out of the twenty trajectories tested at the three nN level of 
constant force, only one trajectory resulted in a bond rupture (the other nineteen trajectories did 
not cleave during the one picosecond of modeling).  During the single bond rupture event, bond 
rupture occurred at the O-CH3 bond of the ester side chain, not at the center alkane bridge 
(Figure 4.3).   
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Figure 4.3.  AI-SMD simulations of the center-functionalized control using a force of three 
nanonewtons. (A) Snapshots of the one trajectory out of twenty that resulted in cleavage of the 
oxygen-carbon bond of the molecule (B) Plot of the oxygen-carbon bond length as a function of 
time for the only trajectory for the center-functionalized control that showed rupture. 
 
 
4.3 Cleavage Comparison and Modeling 
 
4.3.1 Introduction 
 
 Based on both the results of the AI-SMD calculations as well as increased relative rates 
of polymer cleavage during sonication (Chapter 3) for the cis dicyano-substituted cyclobutane 
mechanophore when compared to the center-functionalized control, it was expected that 
polymers containing the cyclobutane mechanophore would show more center-selective cleavage 
of the polymer when compared to the control polymers.
2
  Previously, it had been shown that 
polymers containing no reactive center functional group or weak linkers (i.e., homopolymers) 
cleave in a Gaussian type manner under sonication conditions.
23
   We would expect that the 
center-functionalized control polymers would behave similarly to homopolymers in their 
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cleavage patterns (i.e., the center group would not be more prone to cleavage then the rest of the 
polymer backbone).  This expectation is supported through a comparison of the relative rates of 
cleavage of the center-functionalized control polymer to PMA homopolymer, which showed 
statistically identical cleavage rates (Chapter 3).  In the case of polymer containing weak 
linkages, it is expected that polymer cleavage would occur selectively at these weak points in the 
polymer backbone (in this case, the polymers containing the cis dicyano-substituted cyclobutane 
mechanophore).
24
  Keeping this in mind, one potential way to probe for the selective cleavage of 
the cis dicyano-substituted cyclobutane mechanophore would be to directly model the expected 
evolution of polymer chain length and distribution that would result under sonication conditions 
and compare the modeled change in molecular weight distribution to that obtained 
experimentally during polymer sonication studies. 
 
4.3.2 Modeling of the Cis Dicyano-Substituted Cyclobutane Mechanophore 
 
 Modeling the cleavage of the cis dicyano-substituted cyclobutane mechanophore polymer 
supports the argument that the polymer chains are undergoing selective scission upon sonication 
in a dilute acetonitrile solution.  Following the typical sonication procedure and GPC analysis 
(see section 2.6.4), it is possible to plot the evolution of polymer molecular weight distribution 
with regards to retention time as a result of increasing sonication time (Figure 4.4A).  Using the 
GPC data and the associated calibration curve (based on polystyrene standards of known 
molecular weight) the change in distribution can be plotted as the evolution of polymer 
distribution with regards to molecular weight (Figure 4.4B).    
 Using a Gaussian curve fit to the starting molecular weight distribution of the parent 
polymer, the degradation of polymer molecular weight was modeled using both center-selective 
and Gaussian cleavage methods (see section 4.6.2 for details on modeling methods).  Modeling 
of center-selective (i.e., at the mechanophore) cleavage results in an evolution of polymer 
distribution over time that matches closely with that of the experimental data (Figure 4.4C), 
whereas modeling of unselective cleavage results in a significant broadening effect on the 
polymer distribution over time that is dissimilar to the experimental data (Figure 4.4D).  The 
results of these modeling experiments give strong evidence for selective cleavage of the 
mechanophore and the potential generation of cyanoacrylates upon polymer cleavage. 
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Figure 4.4.  GPC traces and modeling showing the effects of ultrasound on a 100 kDa cis 
dicyano-substituted cyclobutane containing polymer.  A 0.75 mg/mL solution of polymer in 
acetonitrile was exposed to ultrasound, and aliquots were removed at specific times.  (A) Change 
in polymer retention time as a result of ultrasonic irradiation time.  (B) Experimental change in 
polymer molecular weight distribution as a result of ultrasonic irradiation time.  (C) Simulated 
change in molecular weight distribution using a center-selective cleavage model.  (D) Simulated 
change in molecular weight distribution using a Gaussian cleavage model.  
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4.3.3 Modeling of the Center-Functionalized Control  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5.  GPC traces and modeling showing the effects of ultrasound on a 120 kDa center-
functionalized control polymer.  A 0.75 mg/mL solution of polymer in acetonitrile was exposed 
to ultrasound, and aliquots were removed at specific times.  (A) Change in polymer retention 
time as a result of ultrasonic irradiation time.  (B) Experimental change in polymer molecular 
weight distribution as a result of ultrasonic irradiation time.  (C) Simulated change in molecular 
weight distribution using a center-selective cleavage model.  (D) Simulated change in molecular 
weight distribution using a Gaussian cleavage model. 
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 In direct contrast with the mechanophore containing polymer, sonication of the center-
functionalized control resulted in a molecular weight distribution evolution that matched a 
Gaussian distribution pattern centered at the middle of the polymer chain. Utilizing a similar 
procedure to that of the cyclobutane mechanophore polymer, sonication experiments displayed a 
shifting of the polymer retention time and broadening of distribution due to chain cleavage 
(Figure 4.5A) and the corresponding shift in molecular weight after adjustment using the 
calibration curve (Figure 4.5B).   
 Again, using a Gaussian fit to the initial molecular weight distribution, the degradation 
was modeled using both selective and unselective cleavage methods (see section 4.6.2 for 
details).  In this case, modeling with center-selective cleavage results in an evolution of polymer 
distribution that does not match the experimental data (Figure 4.5C).  On the other hand, 
modeling using a Gaussian distribution in cleavage points results in an evolution of distribution 
over sonication time that does match closely to the experimental data (Figure 4.5D).  
 
4.4 Cyanoacrylate Trapping Experiments 
 
4.4.1 Introduction  
 
 Having shown that the cis dicyano-substituted cyclobutane polymers contain selectively 
cleavable moieties through both rate studies and modeled cleavage, the next logical step was to 
show formation of cyanoacrylate terminated polymers upon cleavage.  Due to the extreme 
reactivity of cyanoacrylates formed upon mechanophore cleavage (even mild nucleophiles like 
water would react rapidly with the generated alkene),
19
 direct detection of the product 
cyanoacrylates through spectroscopic means was unlikely.  Traditionally, reactive products 
formed during sonication of polymers are often analyzed through trapping or isotope labeling 
experiments.
2,3,5,10,25
  However, due to impracticalities in the synthesis of a cis dicyano-
substituted cyclobutane containing 
13
C labeling, trapping experiments were used for 
cyanoacrylate detection in this system.  
 In this case, 9-(methylaminomethyl)anthracene (MAMA) was found to be suitable for 
trapping the generated cyanoacrylate-functionalized polymer product due to Michael-type 
conjugate addition reactions of the secondary amine with the cyanoacrylate (Scheme 4.1).  In 
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addition to being a good nucleophilic partner to this reaction, the MAMA chromophore had a 
very identifiable UV-Vis profile that was evident in both GPC and UV-Vis experiments.   
 
Scheme 4.1.  Reaction of sonicated cis dicyano-substituted cyclobutane mechanophore 
containing polymer with the MAMA trap to generate the chromophore-substituted polymer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.4.2 Cyanoacrylate Trapping Experiments of the Cis Dicyano-Substituted Cyclobutane 
 
 Upon sonication of a 120 kDa polymer containing the cis dicyano-substituted 
cyclobutane mechanophore in the presence of 1,200 equiv of the MAMA trap, a significant 
increase in the UV signal corresponding to the polymer was noted (Figure 4.6).  The absorption 
spectrum of the isolated polymer matched the spectrum of MAMA, confirming that the increase 
in UV signal for the sonicated cis dicyano-substituted cyclobutane polymer was due to 
incorporation of the trap and was not a result of other background reactions. This result 
supported the mechanically induced formation of cyanoacrylates upon mechanophore cleavage.  
The percentage of cleaved polymer that reacted with MAMA was estimated by recording the 
absorption spectra of the isolated polymers at known dilutions and comparing them to the molar 
absorptivity of MAMA in the same solvent (see section 4.6.3 for procedural details).  Over three 
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sonication experiments, an average of 48% incorporation of MAMA into the product was noted, 
assuming 100% incorporation would correspond to complete and selective chain scission of all 
the polymers in solution.   
 
 
 
  
 
 
 
 
 
 
 
 
Figure 4.6.  Results of cyanoacrylate trapping experiment. A 0.75 mg/mL solution of 120 kDa 
cis dicyano-substistuted cyclobutane mechanophore polymer in acetonitrile containing 1,200 
equiv of MAMA was sonicated for 90 min; the resulting polymer was analyzed by GPC. The 
refractive index trace (red) and UV-vis (365 nm) trace (black) are shown. 
 
 
4.4.3 Control Experiments  
 
 In order to show that incorporation of the MAMA trapping molecule is due to reaction 
with generated cyanoacrylates rather than general reaction with the polymer during sonication or 
some other phenomena, a series of control studies were undertaken.  The first of these controls 
involved sonication of a similar molecular weight center-functionalized control polymer that did 
not contain the cis dicyano-substituted cyclobutane mechanophore.  Because this polymer was 
not expected to generate reactive cyanoacrylate intermediates, there should be little to no 
incorporation of the trapping molecule after sonication.  Utilizing a similar sonication 
experiment to that done for the mechanophore containing polymer, little, if any, of the trapping 
molecule was found to have incorporated into the polymer during GPC analysis (Figure 4.7).  
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From this we can conclude that incorporation of the trap during sonication of the active 
mechanophore polymer is directly due to mechanophore fragmentation and in situ generation of 
cyanoacrylates, not due to general cleavage of the polymer backbone itself. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7.  Results of cyanoacrylate trapping experiment. A 0.75 mg/mL solution of 100 kDa 
center-functionalized control polymer in acetonitrile containing 1,200 equiv of MAMA was 
sonicated for 90 min; the resulting polymer was analyzed by GPC. The refractive index trace 
(red) and UV-vis (365 nm) trace (black) are shown. 
 
 
 A second control was necessary to insure that the incorporation of the chromophoric trap 
was due to reaction of the trap with the cyanoacrylates after formation and not due to reaction 
with the uncleaved mechanophore prior to sonication and chain cleavage.  This was 
accomplished by exposing unsonicated cis dicyano-substituted cyclobutane mechanophore 
polymer (the same polymer that had previously shown incorporation of the trapping molecule 
upon sonication) and treating it under identical conditions to the trapping experiment without 
sonication.  Upon GPC analysis of the resulting polymer, it was noted that no discernable 
incorporation of the trapping molecule occurred (Figure 4.8). 
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Figure 4.8.  Results of cyanoacrylate trapping experiments. A 0.75 mg/mL solution of 120 kDa 
cis dicyano-substistuted cyclobutane mechanophore polymer in acetonitrile containing 1,200 
equiv of MAMA was exposed to sonication conditions without active sonication for 90 min; the 
resulting polymer was analyzed by GPC. The refractive index trace (red) and UV-vis (365 nm) 
trace (black) are shown. 
 
  
 The final control undertaken was the sonication of low molecular weight (below the 
cleavage threshold) cis dicyano-subsituted cyclobutane mechanophore polymer.  Similar to the 
controls before this, sonication of this polymer would show that trap incorporation is directly due 
to mechanophore fragmentation (not the sonication conditions employed or some effects of 
sonication on the mechanophore itself outside of fragmentation to form reactive cyanoacrylates).  
It is expected that, because the polymer being sonicated in this experiment is low molecular 
weight and below the cleavage threshold, no polymer cleavage would occur to generate reactive 
cyanoacrylates and the trap would not be incorporated into the polymer.  Upon GPC analysis of 
the sonication of a low molecular weight (30 kDa) cis dicyano-substituted cyclobutane 
mechanophore polymer, no discernable incorporation of the chromophoric MAMA trap was 
directly observed (Figure 4.9). 
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Figure 4.9.  Results of cyanoacrylate trapping experiments. A 0.75 mg/mL solution of 30 kDa 
cis dicyano-substistuted cyclobutane mechanophore polymer in acetonitrile containing 1,200 
equiv of MAMA was exposed to sonication conditions for 90 min; the resulting polymer was 
analyzed by GPC. The refractive index trace (red) and UV-vis (365 nm) trace (black) are shown. 
 
 
4.5 Summary 
 
 The purpose of this investigation was to confirm that sonication of polymers containing 
the cis dicyano-substituted cyclobutane mechanophore results in the formation of reactive 
cyanoacrylates.  This particular mechanophore was chosen due to its increased reactivity relative 
to the other mechanophores studied herein, as well as its potential self-healing applications.  
Through the course of this investigation, we have shown that sonication of polymer containing 
this mechanophore results in the formation of cyanoacrylates.  Our conclusions are supported by 
the increased rate of cleavage upon sonication relative to the rate for control polymers (Chapter 
3), as well as modeling of the evolution of polymer distribution upon cleavage and the reaction 
of products of cleavage with a secondary amine trap.  Furthermore, our experimental results are 
corroborated by computational studies that not only predict both selectivity and rate 
enhancement for the cis dicyano-substituted cyclobutane mechanophore relative to the control 
polymers but also predict cyanoacrylate formation.  
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4.6 Detailed Procedures 
 
4.6.1 Computational Details 
 
 All AI-SMD calculations were done in collaboration with Mitchell Ong of the Martinez 
group at Stanford.  Calculations were done using the JAGUAR software package
26
 within a 
modified version of the ab initio multiple spawning (AIMS) molecular dynamics code previously 
developed by Martinez and co-workers.
27-29
  The electronic structure was solved using restricted 
Kohn-Sham density functional theory (DFT)
30,31
 with the B3LYP
32,33
 density functional and 6-
31G* basis set.  Initial conditions for the position and momentum were randomly sampled from a 
finite temperature Wigner distribution at 280 K constructed from DFT/B3LYP/6-31G* 
vibrational frequencies at the no-force minimum geometry.  Low vibrational frequencies under 
100 cm
-1
 for the control molecule were ignored when generating this distribution. 
 
4.6.2  Modeling of Polymer Cleavage Details 
 
 Modeling of polymer chain length distribution upon both selective and Gaussian 
distribution was done using a modification of the procedure utilized by Glynn and co-workers.
34
  
In both the selective cleavage model and the Gaussian distribution model, an absolute cleavage 
threshold of 60 kDa as well as a linear increase in cleavage rate above this threshold were 
assumed.
35
  All calculations and cleavage modeling were done using Microsoft Excel.  In the 
case of modeled selective cleavage, polymer chains were split into two equal length fragments 
upon chain scission (rounding up to the nearest kDa).  In the case of modeled Gaussian scission, 
polymer fragmentation was assumed to occur in a Gaussian distribution around the center of the 
polymer using the parameters described by Basedow and co-workers
23
 (again, the resulting 
molecular weights from each fragmentation reaction were rounded up to the nearest kDa).  Initial 
polymer distributions for the modeling experiments were calculated by fitting the experimental 
polymer GPC trace (at t = 0 minutes, prior sonication induced cleavage) with a Gaussian fit 
using Microsoft Excel.  All experimental GPC traces were corrected to account for drift in the 
refractive index signal over the course of the experiment.   
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4.6.3 Cyanoacrylate Trapping Details 
 
 In order to quantify the amount of MAMA chromophore incorporated into the cis 
dicyano-substituted cyclobutane mechanophore polymer after sonication, both preparatory GPC 
and UV-Vis analysis were used.  The molar absorptivity of MAMA in THF was determined 
through three serial dilutions of MAMA/THF at known concentrations (                at 
378 nm).  Three 90 minute sonication using a 128 kDa cis dicyano-substituted cyclobutane 
polymer were performed using the procedure outlined in section 2.6.4.  After injection onto the 
preparatory GPC, the polymer was isolated by collecting the eluent solution as the UV signal 
(365 nm) increased upon detection of the tagged polymer.  The solution was concentrated by 
rotary evaporation, and the polymer was dissolved in two mL of THF.  The absorption spectrum 
was recorded, which was then corrected for scattering.   Using the molar absorptivity value for 
MAMA calculated above and the absorbance of the isolated polymer at 378 nm, the 
concentration (in mmol) of MAMA in solution was calculated.  This value was compared the 
theoretical number of mmols of cyanoacrylate produced, assuming 100% selective cleavage of 
the polymer at the mechanophore leading to the production of cyanoacrylates.  This number, 
while halved because only half of the original polymer solution was analyzed (see procedure 
2.6.4), is doubled compared to the initial value from the original polymer because the cleavage of 
a single mechanophore should theoretically result in the formation of two active cyanoacrylates.  
Given an initial amount of 7.5 mg of polymer sonicated and an initial polymer Mn of 128,000 
g/mol (128 kDa), this results in ~5.9x10
-5
 mmol of total mechanophore (which corresponds to a 
theoretical generated cyanoacrylate amount of ~5.9x10
-5
 mmol when taking the halving of 
original polymer solution and the two cyanoacrylates formed per mechanophore cleavage events 
into account).  The average of the three sonication runs gave a value of 2.8x10
-5
 mmol of tagged 
MAMA.  Therefore, 2.8x10
-5 
mmol of tagged MAMA / 5.9x10
-5
 mmol potential cyanoacrylate 
produced gives 48% incorporation of the tag per cyanoacrylate generated (it should be noted this 
was reported erroneously as 24% when published).  It should also be noted that this value does 
not take into account potential reaction of generated cyanoacrylates with residual water or other 
radicals in the sonication solution, nor does it take into account potential loss of polymer during 
filtration and sonication workup.  
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Chapter 5 – Analysis of Alternative Cyclobutane Geometries1 
 
5.1 Introduction 
 
 Systematic analysis of a series of 1,2-substituted cyclobutanes shows differences in 
relative rates of cleavage when exposed to ultrasonic irradiation (Chapter 3).  It was found that 
all of the polymers containing these cyclobutane mechanophores, with the exception of the trans 
unsubstituted derivative, cleaved more rapidly than control polymers.  In regards to the 
mechanism of 1,2-substituted cyclobutane cleavage, AI-SMD computational analysis of the cis 
dicyano-substituted cyclobutane mechanophore predicted that ring opening occurred in a non-
concerted mechanism, where the heavily substituted dicyano bond cleaved first.
2
  This resulted 
in a diradical intermediate which underwent further rearrangement to generate the reactive 
alkenes.  The formation of diradical intermediates during ultrasound induced cleavage of 
cyclobutanes is similarly supported through radical trapping experiments done by the Craig 
group on a perfluorinated cyclobutane containing copolymer.
3
  Furthermore, CoGEF modeling 
of the other 1,2-substituted cyclobutanes studied in this thesis predicted asynchronous bond 
cleavage resulting in alkene formation.
4
  Combined, these experimental and computational 
results strongly support the argument that the mechanically induced retro [2+2] cyclization of 
cyclobutanes occurs through sequential bond cleavage in the cyclobutane core due to the 
concentration of the force being on the substituted cyclobutane bond (Figure 5.1).  
 
 
 
 
 
Figure 5.1. Structures of 1,2- and 1,3- substituted cyclobutanes.  Bonds expected to be directly 
affected by mechanically induced stress are highlighted in red. 
 
 Alternatively, with regards to a 1,3-substituted cyclobutane, the force is not expected to 
be concentrated on a single bond within the cyclobutane core.  Instead, the mechanical force is 
expected to act equally on each bond within the cyclobutane core (Figure 5.1).  As a result, we 
wondered if 1,3-cyclobutanes would also be susceptible to cleavage in a manner similar to their 
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1,2-cyclobutane counterparts, perhaps undergoing a concerted retro- [2+2] reaction upon 
mechanically induced cyclobutane cleavage.  In order to do this analysis, the commercially 
available cis and trans 2,2,4,4,-tetramethylcyclobutane-1,3-diols were used.
5,6
    
 
5.2 Polymer Cleavage Rate Comparison 
 
5.2.1 CoGEF Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. CoGEF elongation of small molecule derivatives of (A) cis 1,3-substituted 
cyclobutane, (B) trans 1,3-substituted cyclobutane, and (C) center-functionalized control 
(protons have been omitted for sake of clarity in viewing, but were included during calculations). 
 
 CoGEF analysis was completed for both the putative cis and trans 1,3-substituted 
cyclobutane mechanophores.
7
  In the case of both cyclobutanes studied, the small molecule 
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derivative did not undergo retro- [2+2] cyclization resulting in alkene formation.  Instead, 
fragmentation occurred between the carbonyl carbon of one of the cyclobutane esters and the 
adjacent α-carbon (Figure 5.2A and 5.2B).  In comparison, fragmentation of the center 
functionalized control occurred between the ester oxygen and the adjacent (non-carbonyl) 
carbon.  A summary of energy barrier towards cleavage (in kJ/mol) as well as the Fmax for each 
of the cyclobutanes studied (as well as the center functionalized control for comparison sake) can 
be found in Table 5.1 below.   
 
Table 5.1. Energy barriers toward small molecule cleavage and Fmax values. 
 
Center Functional Group Energy Barrier (kJ/mol) Fmax (nN) 
cis 1,3-substituted 442 5.99 
trans 1,3-substituted 421 5.98 
center-functionalized control 696 6.08 
 
  
 Although neither the cis nor the trans cyclobutane were predicted to undergo retro- [2+2] 
cyclization during CoGEF modeling, they were expected to cleave in a more rapid manner than 
the center functionalized control based on the relative energy barriers (Table 5.1).  A comparison 
of Fmax values showed that the cyclobutane structures has a slightly lower Fmax necessary for 
scission to occur.  In summary, CoGEF analysis predicted a higher rate of cleavage during 
sonication of 1,3-substituted cyclobutane polymers, however, CoGEF analysis also predicted that 
cleavage may occur in manners other than a formal retro- [2+2] cyclization of the cyclobutane 
core to yield alkenes. 
 
5.2.2 Sonication of the Cis 1,3-Substituted Cyclobutane Polymer 
 
 A molecular weight series of polymers containing the cis 1,3-substituted cyclobutane 
structure was synthesized and tested using a similar procedure to that utilized in the study of 1,2-
substituted cyclobutanes (Chapter 3).
8,9
  Particular molecular weights and corresponding reaction 
rates can be found in Table 5.2.  Upon statistical analysis of the rate data, it was found that 
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polymers containing the cis 1,3-substituted cyclobutane had a lower cleavage threshold than the 
center functionalized control, with threshold values of 28.7 kDa and 38.2 kDa, respectively 
(Figure 5.3).
10
   
 
Table 5.2.  Molecular weights, PDIs, and rate constants of the center-functionalized cis 1,3-
substituted cyclobutane polymers. 
  
Molecular Weight (kDa) PDI Rate Constant (min
-1
*10
5
) 
31 1.12 0 
39 1.20 0.7 
59 1.17 2.7 
73 1.15 3.3 
81 1.10 4.3 
92 1.23 6.0 
112 1.16 6.7 
125 1.18 7.9 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.  Experimentally-determined rate constants of polymer cleavage as a function of 
initial polymer molecular weight comparing the center-functionalized cis 1,3-substituted 
cyclobutane  to the center-functionalized control polymers.  
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 The results of this rate analysis suggest that the sonication of polymers containing the cis 
1,3-substituted cyclobutane results in selective cleavage of the mechanophore. This conclusion 
can be made due to the enhanced rates of cleavage of the cyclobutane containing polymer under 
sonication conditions when compared to the control.  However, simple rate analysis does not 
give insight into the mechanism of cleavage and the products formed during sonication, so 
further analysis would be necessary to ascertain whether a retro- [2+2] cyclization is occurring 
during sonication. 
 
5.2.3 Sonication of the Trans 1,3-Substituted Cyclobutane Polymer 
 
 Similar to the putative cis 1,3-substituted cyclobutane mechanophore studied above, a 
molecular weight series of polymers was synthesized using the tras 1,3-substituted cyclobutane 
as the core (Table 5.3).  It was found that, although visually appearing to have a higher relative 
cleavage rate (Figure 5.4), the difference in cleavage threshold between the cyclobutane 
containing polymers when compared to the center-functionalized polymers was not statistically 
significant (cleavage thresholds of 32.3 kDa and 38.2 kDa, respectively).
10
    
 
Table 5.3.  Molecular weights, PDIs, and rate constants of the center-functionalized trans 1,3-
substituted cyclobutane polymers. 
  
Molecular Weight (kDa) PDI Rate Constant (min
-1
*10
5
) 
30 1.20 0 
41 1.20 0.7 
50 1.25 1.1 
68 1.21 2.6 
83 1.24 4.0 
92 1.21 4.3 
115 1.22 6.5 
120 1.18 8.0 
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Figure 5.4.  Experimentally-determined rate constants of polymer cleavage as a function of 
initial polymer molecular weight comparing the center-functionalized trans 1,3-substituted 
cyclobutane  to the center-functionalized control polymers.  
 
  
 The results of this rate analysis suggest that polymers containing the trans 1,3-substituted 
cyclobutane have a similar (not statistically different) cleavage rate to the center-functionalized 
control polymers.  As a result, it is unlikely that cleavage is occurring selectively at the 
cyclobutane during ultrasonically induced cleavage of the polymers studied in this series. 
 
5.3 Summary 
 
 Statistical analysis shows an enhanced rate of cleavage for the cis 1,3-substituted 
cyclobutane system when compared to the center-functionalized control.  Due to this increased 
cleavage rate, it is likely that chain scission is occurring predominately at the cyclobutane moiety 
in these polymers.  Although CoGEF analyses do not predict cyclobutane cleavage through a 
retro- [2+2] cyclization, it is possible that trapping experiments could be used in the future to 
probe for the formation of alkenes due to cyclobutane cleavage. 
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5.4 Statistical Analysis 
 
 Statistical analysis was completed in a manner similar to that found in Chapter 3.  As 
expected, a pairwise t test for the comparison of slopes showed that all comparisons made had 
slopes that were statistically indistinguishable from each other (Table 5.4).   Using a t test to 
compare intercepts, it was found that the cis 1,3-substituted cyclobutane containing polymers had 
an intercept that significantly different from that of the center-functionalized control polymers, 
whereas the trans derivatives were not statistically different from the control (Table 5.5). 
 
Table 5.4. Pairwise comparison of slopes based on calculated t values and minimum t values 
necessary for statistical significance.  Calculated t values are listed, with minimum t values in 
parentheses.  None of these comparisons gave slopes that are statistically different at the 95% 
confidence level. 
 
 
 
cis 1,3-
substituted 
trans 1,3-
substituted 
trans 1,3-
substituted 
0.27 (2.23) - 
center funct. 
control 
1.76 (2.31) 2.02 (2.31) 
 
 
 
Table 5.5. Pairwise comparison of calculated t values to t values necessary for statistical 
significance (pairs that are statistically significant are highlighted in gray).  Calculated t values 
are the first value listed, minimum t values are in parenthesis below.   
 
 
 
cis 1,3-
substituted 
trans 1,3-
substituted 
trans 1,3-
substituted 
1.61 (2.20) - 
center funct. 
control 
3.78 (2.26) 2.24 (2.26) 
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Appendix 
A.1. Crystallographic Data 
 Crystal structures were acquired in the George L. Clark X-Ray Facility and 3M Materials 
Laboratory at the University of Illinois at Urbana-Champaign by Scott R. Wilson or Danielle L. 
Gray.   
 
A.1.1 Collection Details for (2R,5S)-dimethyl 2,5-dicyanohexanedioate (5) 
 
 
 
 
 
 
Empirical formula  C10H12N2O4 
Formula weight  224.22 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C 2/c   
Unit cell dimensions a = 23.441(9) Å α = 90°. 
 b = 5.504(2) Å β = 112.897(5)°. 
 c = 9.261(4) Å γ = 90°. 
Volume 1100.7(8) Å3 
Z 4 
Density (calculated) 1.353 g/cm3 
Absorption coefficient 0.106 mm-1 
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F(000) 472 
Crystal size 0.56 x 0.40 x 0.12 mm3 
Theta range for data collection 1.89 to 28.10°. 
Index ranges -31 ≤ h ≤ 31 
 -7 ≤ k ≤ 7 
 -12 ≤ l ≤ 12 
Reflections collected 13166 
Independent reflections 1323 [R(int) = 0.0248] 
Completeness to θ = 28.10° 99.0 %  
Absorption correction Integration 
Max. and min. transmission 0.9859 and 0.9461 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1323 / 45 / 105 
Goodness-of-fit on F2 1.242 
Final R indices [I > 2σ(I)] R1 = 0.0334, wR2 = 0.0883 
R indices (all data) R1 = 0.0407, wR2 = 0.0925 
Largest diff. peak and hole 0.226 and -0.193 e.Å-3 
 
A.1.2 Collection Details for dimethyl cis-1,2-dicyanocyclobutane-1,2-dicarboxylate (6) 
 
 
 
 
 
 
Empirical formula  C10H10N2O4 
Formula weight  222.20 g/mol 
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Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1   
Unit cell dimensions a = 5.9857(9) Å α = 93.652(3)° 
 b = 9.3466(15) Å β = 100.480(3)° 
 c = 9.4874(15) Å γ = 95.083(3)° 
Volume 518.15(14) Å3 
Z 2 
Density (calculated) 1.424 g/cm3 
Absorption coefficient 0.112 mm-1 
F(000) 232 
Crystal size 0.45 x 0.30 x 0.22 mm3 
Theta range for data collection 2.19 to 25.36° 
Index ranges -7 ≤ h ≤  7 
  -11 ≤ k ≤ 11 
  -11 ≤ l ≤ 11 
Reflections collected 5056 
Independent reflections 1897 [R(int) = 0.0204] 
Completeness to θ = 25.36° 99.8 %  
Absorption correction Integration 
Max. and min. transmission 0.9801 and 0.9601 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1897 / 0 / 148 
Goodness-of-fit on F2 1.157 
Final R indices [I > 2σ(I)] R1 = 0.0337, wR2 = 0.0923 
R indices (all data) R1 = 0.0376, wR2 = 0.0947 
Extinction coefficient 0.253(17) 
Largest diff. peak and hole 0.224 and -0.176 e.Å-3 
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A.1.3 Collection Details for dimethyl trans-1,2-dicyanocyclobutane-1,2-dicarboxylate (7) 
 
 
 
 
 
Empirical formula  C10H10N2O4 
Formula weight  222.20 g/mol 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P b c n  
Unit cell dimensions a = 11.6500(4) Å α = 90° 
 b = 5.8419(3) Å β = 90° 
 c = 15.9102(7) Å γ = 90° 
Volume 1082.82(8) Å3 
Z 4 
Density (calculated) 1.363 g/cm3 
Absorption coefficient 0.107 mm-1 
F(000) 464 
Crystal size 0.56 x 0.51 x 0.08 mm3 
Theta range for data collection 3.10 to 28.40° 
Index ranges -15 ≤ h ≤ 15 
 -7 ≤ k ≤ 7 
 -21 ≤ l ≤ 21 
Reflections collected 10025 
Independent reflections 1352 [R(int) = 0.0261] 
Completeness to θ = 28.40° 99.7 %  
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Absorption correction Integration 
Max. and min. transmission 0.9923 and 0.9560 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1352 / 0 / 93 
Goodness-of-fit on F2 1.069 
Final R indices [I > 2σ(I)] R1 = 0.0364, wR2 = 0.0912 
R indices (all data) R1 = 0.0428, wR2 = 0.0974 
Largest diff. peak and hole 0.338 and -0.221 e.Å-3 
 
 
A.1.4 Collection Details for dimethyl 1-cyanocyclobutane-cis-1,2-dicarboxylate (14) 
 
 
 
 
 
 
 
 
 
Empirical formula  C9H11NO4 
Formula weight  197.19 g/mol 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/c   
Unit cell dimensions a = 12.5062(10) Å α = 90° 
 b = 6.2721(5) Å β = 113.616(5)° 
 c = 13.3644(13) Å γ = 90° 
Volume 960.51(14) Å3 
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Z 4 
Density (calculated) 1.364 g/cm3 
Absorption coefficient 0.108 mm-1 
F(000) 416 
Crystal size 0.35 x 0.14 x 0.12 mm3 
Theta range for data collection 1.78 to 25.34° 
Index ranges -15 ≤ h ≤ 15 
 -7 ≤ k ≤ 7 
 -16 ≤ l ≤14 
Reflections collected 10238 
Independent reflections 1717 [R(int) = 0.0560] 
Completeness to θ = 25.34° 97.8 %  
Absorption correction Integration 
Max. and min. transmission 0.9892 and 0.9708 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1717 / 0 / 160 
Goodness-of-fit on F2 1.048 
Final R indices [I > 2σ(I)] R1 = 0.0487, wR2 = 0.1124 
R indices (all data) R1 = 0.0809, wR2 = 0.1306 
Largest diff. peak and hole 0.326 and -0.297 e.Å-3 
 
 
